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Abstract
This dissertation was written as a part of the MSc in Energy Systems at the
International Hellenic University. It focuses on the environmental performance of
energy systems that are used in residential buildings, using the life cycle analysis (LCA)
method. The analysis includes production, disposal and transportation of the materials
used for the manufacturing processes of those systems. The scope of this study is to
collect all common used residential energy systems (heating, cooling, hot water and
electricity production) and analyze and compare their environmental performance.
The continuously growing sustainable development and the direction towards such
policies is the motivation for such studies.
The CML 2 baseline 2000 assessment method (includes ten environmental impact
categories) is used for the evaluation of the systems’ performance and it is applied by
the use of the SimaPro 7 LCA software. The data needed for the analysis is taken from
previous studies, industrial reports and the Ecoinvent database if no other source is
available. The systems assessed are the oil fired and gas fired boiler, the split unit air
conditioner, the mono-Si and poly-Si residential PVs, the flat plate and evacuated tube
solar collectors and the auxiliaries of all those systems. Finally the results are applied in
a real residential building (a four storey apartment building in Thessaloniki) and the
systems are evaluated based on several different scenarios taking into account even
their operation phase.
It was a great pleasure for me the occupation with such an interesting and up-to-date
subject, which may be a great step for the environmental imprinting of the buildings as
a whole. Finally, for the whole cooperation and assistance in all sectors of my study I
want to extremely thank my supervisor Dr. Dimitrio Anastaselo.
Manoudis Alexandros
26/09/2011
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1 Introduction
The development of production companies, the increasing consumption of raw
materials and natural resources, the extensive studies that show the expansion of the
environmental impact and the efforts to apply strategic policies of sustainable
development resulted in an increase in the interest of the society and the industry
parts in issues that are related to the environment. So, the issues of depletion of
natural resources, the degradation of the environment and the huge emissions of
pollutants to the atmosphere started to concern more all the involved parts creating
an environmental awareness.
The first involved part is the production companies which began to search for control
methods of their processes in order to reduce the environmental impacts. This led to
extensive researches in order to find ways to limit their environmental impact and
simultaneously their products to be as efficient as the previous ones. In this direction,
there were applied control standards and tools to improve the environmental
performance of the companies.
The other involved parts are the society and the states. The society gradually forms a
more environmental friendly attitude, realizing that the environment affects their life.
On the other hand, states begin to apply strategic policies to improve the
environmental performance of all involved parts and direct them to the route of the
sustainable development.
The first step for the improvement of the environmental performance is to realize and
quantify the current environmental impact of the materials, services and production
processes. In this direction, the life cycle analysis (LCA) method is a useful tool to
evaluate the environmental impact of different processes from the extraction of raw
materials to the disposal of them at the end of their useful lifetime.
There are many products and materials for different uses and industrial sectors that
may be assessed. In this study the interest is focused on the environmental
- 10 -
performance of the energy systems, namely heating, cooling, domestic hot water
(DHW) and electricity production systems that are used in residential buildings, using
the LCA method. These systems are quite important for the whole environmental
impact of the building. The analysis includes the production and disposal of these
systems and the main subsystems. The final phase of the analysis is a case study, in
which the previous results are applied in a residential building, making easier the
comparison of the systems in real conditions taking into account and the
environmental impact added or avoided by the operation phase of the systems.
More analytically, in the second chapter all previous environmental and LCA studies on
relevant energy systems are presented and related to the present dissertation study.
In the third chapter the LCA method and its subunits are extensively analyzed and the
assessment methods available are presented. More specifically, the environmental
impact categories, the systems assessed, the database and the software used in this
study are also well explained.
In the fourth chapter the LCA method is applied to the most representative central
heating systems (oil fired and gas fired boiler) and their main subsystems and their
environmental performance is evaluated. In the fifth chapter the split unit air
conditioner is environmentally assessed as the only one widely used, in residential
buildings, cooling system. In the sixth chapter the photovoltaics that can be used in
residential buildings (either in flat or slanted roof) are evaluated, taking into account
their whole manufacturing process. In the seventh chapter the last systems’ category,
the solar collectors for the DHW production, is assessed and analyzed.
In the eighth chapter the results from the previous chapters are applied in a residential
building. The systems are compared for their environmental performance taking into
account their operation phase. A few different scenarios are examined in order to
clearly classify the systems based on their environmental performance during their
useful lifetime. Finally, in the last chapter the most important conclusions arisen from
the whole analysis are presented and the key results are explained.
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2 Literature review
Most studies published so far in the engineering domain have focused on the impact of
the building envelope and structural system on the life cycle of buildings, using as
indicators energy, emissions, and cost. Only a few papers discussed the environmental
impacts of heating, ventilation and air-conditioning (HVAC) systems.
2.1 State of the art review
In this chapter the most important remarks, that come out from the latest research
studies for each case of energy systems, are presented in order to achieve a better
state of the art review and compare it to the present study.
2.1.1 Heating systems
There are several previous studies on the environmental impacts of residential
buildings but mainly emphasize to the embodied versus operating energy and the
construction materials of the building. Only a few studies focused on heating systems
of the buildings and usually comparing the systems in order to classify their
environmental impact during their construction and operation.
Treloar et al. [1] analyzed an energy efficient two-story residential house of 115 m2,
including the structural system, space heaters, solar hot water service, and external
elements such as paving and pergolas. The embodied energy was estimated at
11,100MJ/m2, including 870MJ/m2 for the construction process.
Prek [2] evaluated the environmental impact of manufacturing process of three
residential heating systems (11.8kW output power): a radiator heating system with
metal pipes, a floor heating system with polyethylene pipes, and a fan coil convector
heating system. The heat conversion equipment and fittings were not taken into
account. The study used the Eco-indicator 95 method to aggregate various
environmental impacts into one single indicator. The radiator heating system was
found to have the highest environmental impact while the floor heating system has
the lowest environmental impact.
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L. Yang et al. [3] presented the use of expanded cumulative exergy consumption
(ECExC) as the unifying indicator of environmental impacts of HWH and FAH systems,
which combines the pre-operation and operation phases, and the abatement of GHG
emissions. The results indicated that the HWH systems with an HRV using either
electricity or natural gas had the lowest ECExC. It was found that the heating systems
cause marginal impacts compared with the entire building in the pre-operating phase.
In the operating phase, on the other hand, they caused significant environmental
impacts. If the life-cycle energy use is the comparison criterion, the HWH systems with
HRV using either electricity or natural gas had the better performance. The HWH and
FAH systems, both using electricity as energy source, had the lowest equivalent CO2
emissions for the electricity mix of the province of Quebec.
V.P. Shah et al. [4] life cycle assessed three different heating systems (furnace, boiler
and air to air heat pump) in four different locations in USA. The boiler has the largest
impacts associated with the appliances and distribution systems. However, the impact
of the operational energy consumption was dominant over the entire study period.
The heat pump had the maximum impacts in regions where a high proportion of the
electricity is derived from fossil fuels, and this applies in heating as well as cooling
climates. The furnace performed the best in these regions.
Lijing Gu et al. [5] assessed three basic heating systems (gas-fired boiler, oil-fired boiler
and LiBr vapor absorption heater) in a real office building in Beijing in China using the
life cycle environmental load method (LCEL). The results indicated that the gas-fired
boiler had the lowest LCEL.
G. Theodosiou et al. [6] examined five alternative scenarios concerning different type
of fuels used for the coverage of the energy requirements for a typical apartment
building in Thessaloniki, Greece, using the life cycle analysis method. The main result
showed that the optimal scenario in financial and environmental terms is the one in
which natural gas is used for almost all of the model’s operations and for generating
the electricity consumed.
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2.1.2 Cooling systems
There are few studies that analyze the environmental impact of cooling systems, which
are mainly the air-conditioning units. Most of the times in the studies these units are
combined with different heating units and the system are assessed as a whole. This
makes it difficult to find out particular data for the cooling system alone.
Legarth et al. [7] analyzed the environmental impacts of an air-conditioning unit using
nine impact categories (such as global warming and ozone depletion), four waste
categories, and nine natural resource categories. They concluded that the air handling
unit is a highly active product, and most of the effects on the external environment
and the high depletion of energy carrier stock are associated with this high level of
activity.
Heikkila¨ [8] evaluated the environmental impact of two air-conditioning units using
the weighting method EPS 2000. The functional unit was one air handling unit, which
distributes a constant airflow volume (CAV) of 4.8 m3/s 24h a day for 15 years. The first
unit has a cooling coil with a vapor compression chiller, while the second unit uses a
desiccant cooling device. The second system has a higher environmental impact than
the first system due to the larger amount of thermal energy used for annual operation.
They found that the copper and steel have the highest contribution to the
environmental impact during the manufacturing process.
L. Grignon-Masse´ [9] et al. focused on the improvement of European air-conditioning
performance, using a methodology based on Life Cycle Analysis. The results had shown
that the major part of environmental impacts occurs during the use phase mainly
because of energy consumption. The potential for improvement in energy efficiency is
important, especially by improving the part load efficiency. Three basic types of air
conditioning units were compared (a single duct system 2.2 kW, a cooling only split
system 3.5 kW and a reversible split system 3.5 kW) and ended up with results of GHG
emissions and primary energy consumption over their life cycles.
Lijing Gu et al. [5] assessed three basic cooling systems (water cooled chiller, air cooled
chiller and LiBr vapor absorption chiller) in a real office building in Beijing in China
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using the life cycle environmental load method (LCEL). They resulted in 126.2 MJ/kg of
embodied energy for the production of these systems and in environmental loads
during their useful lifetime of 13.531 EL points/m2, 17.495 EL points/m2 and 13.895 EL
points/m2 respectively.
2.1.3 Photovoltaics
There are many previous studies on the LCA of PV modules, especially for Si-modules.
These studies reported a wide range of primary energy consumption, GHG (green
house gas) emissions and EPBT (energy payback time) results.
Alsema’s [10] estimates were 4200/m2 and 5700 MJ/m2 for the production of multi-Si
and mono-Si modules respectively. These values correspond to an energy payback
time (EPBT) of 2.5 and 3.1 years, and life-cycle GHG emissions of 46 and 63 g CO2-
eq./kWh for multi-Si PV modules with 13% efficiency and mono-Si PV modules with
14% efficiency, respectively. These estimates were made under Southern European
conditions (insolation of 1700 kWh/m2/year, and a performance ratio of 0.75). The
balance of system (BOS) components, such as a mounting support, a frame, and
electrical components account for additional 0.7 years of EPBT, and 15 g CO2-eq./kWh
of GHG emissions.
Meijer et al. [11] resulted in a slightly higher energy expenditure of 4900 MJ/m2 to
produce a multi-Si module. They assumed that the Si PV module with 14.5% cell
efficiency was fabricated from electronic-grade high-purity silicon, which entails
greater energy consumption. The corresponding EPBT for the module was 3.5 years
excluding BOS components. The increase in the EPBT accrues mainly from the low level
of insolation in the Netherlands (1000 kWh/m2/year) compared to the average for
Southern Europe (1700 kWh/m2/year), and, to a less degree, from the higher energy
estimation for silicon.
Jungbluth [12] reported the life-cycle environmental results of various PV systems
under conditions in Switzerland. He considered the environmental impacts for multi-Si
and mono-Si PV modules with 13.2% and 14.8% efficiency, respectively. Depending on
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which of the two materials he evaluated, and their applications (facade, slanted roof,
and flat roof), he arrived at a range of results of 39–110 g CO2-eq./kWh of GHG
emissions and 3–6 years of EPBT for the average insolation of 1100 kWh/m2/year in
that country.
Pehnt [13] reported in his study a primary energy consumption of 1,5 MJ/kWh and
GHG emissions of 104 g CO2-eq./kWh for multi-Si modules. Then he applied a dynamic
method to assess this process and resulted in GHG emissions of approximately 50 g
CO2 eq./kWh, since a large part of the previous results is imported into the product
system, because fossil energy is used within the production process. So taking into
consideration a future energy mix for production, higher recycling rates, advances with
respect to wafer losses, module efficiencies and a higher lifetime resulted in this GHG
emissions reduction.
Mohr et al. [14] reported that for a multi-Si module with 13.45% efficiency the
embedded energy is 3800 MJ/m2 and the EPBT 4.2 years. The insolation of
1000kWh/m2/year used, was the typical for the region of Netherlands.
Fthenakis and Kim [15] reported that under average US and Southern Europe
conditions (e.g., 1700 kWh/m2/year), the EPBT and the GHG emissions of ribbon-Si,
multi-crystalline Si, mono-crystalline Si modules were estimated to be 1.7, 2.2, 2.7
years and 31, 38, 45 g CO2 eq./kWh, correspondingly.
2.1.4 Solar collectors
There are only a few previous studies focused on the environmental impact of solar
collectors as independent systems.
Ardente et al. [16] estimated the embodied energy of a solar thermal collector at 11
GJ; however, they estimated uncertainties to 720%. Equivalent CO2 emissions due to
the manufacturing of solar collector were estimated at 700 kg CO2; however, they may
vary by 717%. These variations are related to raw material eco-profiles and the
uncertainties due to the other life cycle steps.
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M. Pehnt [13] analyzed the life cycle environmental impact of almost all known
renewable energy technologies using a static and a dynamic method for Germany’s
electricity mix. Solar collectors end up to a cumulative energy demand (CED) of
100kJ/MJ and GHG emissions of 6 g CO2eq/MJ.
Tsilingiridis et al. [17] focused on the life cycle environmental impact of a
thermosyphonic domestic solar hot water system (DSHWS) in comparison with
electrical and gas water heating in the region of Greece, using “Eco-Indicator 99” LCA
methodology. The DSHWS had a “net” gain over electrical heaters at least 696 Pt up to
a maximum of 2,117 Pt of environmental impact, depending on the system size. This
gain was reduced by a factor of 4 when the heater used natural gas instead of
electricity.
2.2 Importance of this study
As shown in the previous chapter there are several studies analyzing the
environmental impacts of energy systems that are used in residential buildings, but
mainly as independent systems. The difference of this study is that it includes and
evaluates the production of almost all energy systems of a residential building in one
study.
More analytically, taking into account that most studies evaluate the impact of the
building envelope and structural system on the life cycle of buildings, this study adds
several important aspects in the environmental performance of the building as a
whole. More specifically, it investigates thoroughly the processes of the major energy
systems installed in buildings. It calculates analytically all required data at the level
of emissions, and in the level of attributes per impact category of pollutants. A
comprehensive and fully adjustable database of environmental impact of the major
energy systems has been created. This database can be a part of, or even can be used
in collaboration with integrated dynamic decision support tools that are applied to
assist potential users in selecting the appropriate energy systems that will lead to the
minimization of the total environmental impact of new and existing buildings.
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Thus, it constitutes a useful handbook for anyone that wants to roughly know the
environmental impact of the systems. Those are the main advantages of this study
compared to the previous ones. Moreover, the use of the SimaPro software for the
implementation of the LCA integrated with the Ecoinvent database makes the results
quite reliable and indicative of the reality. Finally the case study part, in which the
previous systems are applied in a real residential building, analyzes the importance and
the environmental impact of each system compared to the others and to the already
installed systems, including the operation of them in their useful lifetime. This final
step is an innovative one, since it includes the operation of the systems in a real
residential building for real conditions (energy demand).
- 18 -
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3 Description of the LCA method
This chapter includes all necessary information about the LCA methods available, the
one that applied in this study and the data needed for the detailed assessment of all
energy systems.
3.1 Introduction
Life cycle analysis is a useful tool to investigate and estimate the environmental profile
and the effective energy related to a product or technology from cradle to grave
(including even the raw materials extraction and the disposal at the end of their useful
life). Such life cycle analyses of energy technologies are really important, especially as
material and energy flows are often closely related, and emissions into the
atmosphere may occur at different life cycle stages. Moreover LCA is a framework for
assessing the environmental inputs and outputs of a product or a process for its
lifetime. It is used to evaluate the environmental impacts of energy technologies, and
the results are now used in decisions about new process funding and also in
formulating energy policies [18]. The main phases of a LCA are:
 Production and delivery of energy and raw materials/ Raw materials
acquisition;
 Production process/ Material processing/ Manufacturing;
 Installation;
 Maintenance;
 Use;
 Decommissioning/ Disposal;
 Recycling;
 Transports occurring during each step.
The distribution of each phase is shown in the following flowchart (Figure 3.1). Each
phase is differentiated based on the process that is followed.
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Figure 3.1:Main phases of a LCA [14]
The structure of the LCA initially includes the determination of the scope and the aim
of the study, and the collection or/and estimation of the appropriate data related to
the process or service assessed. These data define the energy and the emissions that
are related to the system that is analyzed. The next step is to assess the environmental
impacts by classifying, characterizing and relating the previous data with the
corresponding effects on the environment. The final phase includes the interpretation
and the evaluation of the results, based on the scope of the study.
More specifically, according to the standard ISO 14040-43, the general framework of a
LCA is described:
 Principles and framework of methodology (ISO 14040) [19]. It defines the basic
directions for the four main phases of the LCA.
 Detailed inventory (ISO 14041) [20]. This part covers the section that is relevant
to the LCA inventory.
 Estimation of life cycle impacts (ISO 14042) [21]. The environmental life cycle
impacts are assessed.
 Interpretation (ISO 14043) [22]. This standard is used as a guideline for the
evaluation of the results.
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The methodology of LCA includes all phases of the lifetime of a product from the
extraction of the raw materials (Figure 3.2) to the use of the product and its final
treatment. In this way the more critical environmental activities in its lifetime are
easily detected. The phases of methodology briefly are:
1. Determination of the scope and the objective of the study: The purpose of
the study is clearly defined. Its objective sets the boundaries of the system
analyzed, the data needed, the functional unit, the assumptions and the
restrictions applied.
2. Data inventory: The inflows of the production process that is studied are
quantified.
3. Categorization and evaluation of outflows results.
4. Improvements estimation.
Figure 3.2: LCA overview
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3.2 Determination of the scope and objective of the study
The first phase of the LCA (as mentioned before) defines the scope and the objective
of the study. The objective of the study sets the boundaries of the system studied, the
functional unit, the quality of the data used and assumptions or restrictions applied.
Moreover, the temporal and spatial boundaries should be adequately defined.
3.2.1 Scope of the study
With this step the reason for the implementation of the LCA is specified. It depends on
the depth of the analysis, the data and the decisions needed, based on the results of
the study. Studying the environmental behavior of the systems helps to understand
the main areas of the whole process (production, use and disposal) and their
environmental impact [23]. The determination of the scope of the study is based on
the use of the results. The results can be used for internal exploitation from an
institution or an organization, or for external exploitation (e.g. public interest).
Generally, LCA can be used in two main ways:
a. To define the total environmental impact of the product compared to the
target set by the production company. A company can be supplied, by a
LCA, the data needed in order to choose among different production
designs applied or different materials used, based on their environmental
impact.
b. To define the most significant environmental impacts of a product and how
those are caused.
This dissertation thesis intends to study the life cycle (including production and
disposal of them) of the most representative energy systems (heating, cooling, hot
water, electricity production and auxiliaries) that are used in residential buildings. The
main scope of this study is to develop an extensive database that can be part of a
decision support tool for the environmental performance evaluation of buildings. This
tool can be used by a wide range of potential users to easily evaluate and compare the
environmental impact of every energy system that is installed or will be installed in a
- 23 -
building. Finally, by applying the tool in a case study of a real residential building,
useful conclusions will come out for the environmental impact of the systems
(including and the operation phase) and a comparison among them will be carried out.
3.2.2 Objective of the study
In this step are defined the systems that will be assessed, the data needed, the
assumptions and the restrictions made [23]. Main objective of this study is the
quantification of the environmental impacts from the production and the disposal of
the basic energy systems that are used in residential buildings. This is carried out by
using the methodology of the life cycle analysis. The production process of these
systems is examined thoroughly in order to determine their environmental impacts.
The systems that will be assessed are:
 Heating systems:
o oil fired boiler and auxiliary equipment (storage tank, pump, expansion
vessel and chimney)
o gas fired boiler and auxiliary equipment (pump, expansion vessel and
chimney)
o distribution system (copper pipelines)
o emission system (radiators and floor heating)
 Cooling systems:
o Room air conditioner
 Hot water systems:
o Flat plate solar collector
o Evacuated tube solar collector
o Auxiliaries (storage and distribution of the hot water)
 Electricity production systems
o Mono-Si PV panels on roof
o Poly-Si PV panels on roof
o Auxiliaries (inverter, electrical installation and mounting equipment)
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The calculation of the inflows and the outflows of the systems contribute to the
environmental assessment of the systems. By the term inflow, all raw materials and
energy used for the production of a system are included, when on the other hand by
the term outflow all emissions, waste and byproducts are taken into account. The total
amount of energy that is needed up to the use of a system represents its embodied
energy.
For the implementation of the study and the exportation of the results the SimaPro 7
software [23] was used. With this software the LCA methodology was applied for the
systems mentioned before.
3.2.3 Data quality assessment
The quality of the data that were used is the most significant criterion for the reliability
of the LCA. For this reason, the data sources should be clearly defined, carefully chosen
and reliably checked [24].  The factors that may affect data quality are:
 The source of the data
 The exportation method
 The collection method
 The time collected
The sources may be primary (e.g. direct measurements) or secondary. In the second
case the sources may be:
 Industrial references
 State reports
 Laboratory test data
 Book references
 Databases and publications
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 Relevant LCA studies
The exportation method of the data may be based on:
 Direct and precise measurements
 Estimations and samples
 Models and calculations
The resulted data may be mean values, monthly or per annum values, constants or
normalized values based on the exportation method and the available knowledge.
In this study the data used were come from:
 Real company data
 Ecoinvent database
 Relevant LCA studies
3.2.4 Functional unit
The functional unit is the quantity or the size of the system studied in which all inflow
and outflows values refer to. For better analysis of the results it is important to clearly
determine this unit. Correct choice of the functional unit helps to easier evaluate and
compare the environmental results of each system.
In this thesis and for every system studied, the appropriate functional unit was chosen.
The functional units for all systems are shown in Table 3.1.
For the transportation analysis the unit of tonne-kilometer (tkm) is used, which
corresponds to the service of moving one tonne of payload freight a distance of one
kilometer.
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Table 3.1: Functional units of the assessed systems
System Functional unit
Air conditioner 1 kW
Flat plate solar collector 1 m2
Evacuated tube solar collector 1 m2
Mono-Si PV panel 1 m2
Multi-Si PV panel 1 m2
Oil fired boiler 1 kW
Gas fired boiler 1 kW
Distribution system 1 m
Radiators 1 p
Floor heating 1 m2
3.2.5 Defining a system
A system is defined as a set of processes that connects together different materials
and energy forms used (Figure 3.3). The framework of those processes should be
clearly delimited and separated from other processes that are outside of the
boundaries of the system [23]. These external processes belong to the “systems
environment” and do not affect the system assessed. Delimiting a system is quite
important for the unambiguous understanding of the studied system and the correct
use of the results.
In most industrial systems the flowcharts contain three basic types of processes: the
main production line, the production of auxiliary materials and the industrial fuel
production. The boundaries of the system include not only all inflows of energy and
raw materials, but also all outflows of emissions, waste and byproducts. For easier
understanding of the production line of the system, the processes may be separated in
primary and secondary ones. The primary processes follow directly the life cycle of the
product, when the secondary ones include auxiliary processes or materials that are
needed in the primary production line.
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Figure 3.3: General view of the delimitation of a system
In this thesis ten different systems are examined. The separation of those systems
results from the different production processes that are followed and the different
materials that are used. In the flowchart above (Figure 3.3) a general view of the
delimitation of a system is shown, taking into account and the transportation needs.
The SimaPro software contains the production processes, the disposal scenario, the
energy needs and the transportation needs for each system. This means that based on
each system’s available data, the software is differently devised. The use of each
system is studied separately in the case study.
Extraction of
secondary materials
Extraction of raw
materials
Transportation to
the factory
Transportation to
the factory
Production of
intermediary product Adding of auxiliarymaterials
Production of final
product
maProduction of
final productterials
Storage
Transportation for
final use
Electricity production
Extraction and
transportation of fuel to
the factory
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3.3 Data inventory
The data inventory is the view of the balance of mass and energy for a system
assessed. In every system based on its functional unit a certain amount of materials
and energy is required [23]. After determining these amounts and defining the
boundaries of the system the final emissions for this production process are calculated
(Figure 3.4).
Figure 3.4: Calculation of the emissions
3.4 Impact assessment
In the impact assessment phase, the environmental impact of the assessed systems is
defined.
There are several impact assessment tools:
 CML 2 Baseline 2000
 Eco-indicator 99
 EDIP 2003
 EPS 2000
Every method applies a different assessment approach which results in different
environmental profiles for the systems.
In this thesis the CML 2 Baseline 2000 [25] method was chosen as the appropriate tool
to assess the systems studied.
Energy and raw
materials needed to
produce one functional
unit of product
One functional unit of
product
Emissions and waste related
to the production of one
functional unit of product
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3.4.1 CML 2 Baseline 2000
CML is a method developed in the Centre of Environmental Science of the Leiden
University in Netherlands [23, 25]. The main impact categories were taken from the
Ecoinvent database [28] and extended with most important missing substances.
3.4.1.1 Environmental impact categories
For the CML assessment method the following environmental impact categories are
analyzed [26]:
 Global warming: It characterizes the rapid increase of Earth’s average
temperature, as a result of the continuous increase of carbon dioxide’s
concentration in the atmosphere. Carbon dioxide absorbs the
electromagnetic radiation of specific wavelength and lets the rest of the
solar radiation to pass through, creating a greenhouse effect in the
atmosphere, thus increasing Earth’s surface temperature and altering the
energy balance. Nowadays average temperature increases about 0.2oC
every decade. According to several studies this increase will become 0.3oC
every decade in the next 10 years. The result will be a significant increase of
Earth’s temperature in 2050. In the north and east Europe winters will be
5oC warmer than today and in south Europe summers 4oC warmer. This
alteration may cause significant environmental destructions in the
ecosystems, affecting almost the 20% of Europe.
 Acidification: It causes phenomena like acid rain, in which the accumulation
of sulfates and nitrates in the water increase the acidity of wetlands and
forest degradation. The affecting amount differs for every ecosystem based
on its ability to assimilate some depositions. Thus, for every country those
amounts are different.
 Eutrophication: It is caused by extensive use of fertilizers in agriculture,
which create nitrates, resulting in groundwater pollution. The gaseous and
liquid pollutants may cause significant impacts in the biodiversity of
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uncultivated habitats due to the disappearance of rare plants. The great
increase of aquatic photosynthetic plants leads to an increase of consumers
and decomposers, resulting in an increase of oxygen consumption in the
water. Moreover, the extensive development of producer plants (e.g. reeds,
algae etc) in the surface of the water decreases the entry of solar radiation
to the lower layers of the water, limiting photosynthesis and oxygen
production. This phenomenon is greater in north Europe countries.
 Photochemical oxidation: It is the formation of reactive chemical
compounds, such as ozone, by the action of sunlight on certain primary air
pollutants. These compounds may be injurious to human health,
ecosystems, materials and crops.
 Abiotic depletion: It refers to the exhaustion of natural resources such as
iron ore or copper, which are regarded as non-living. Impacts considered
are those derived from the extraction of minerals and fossil fuels.
 Ozone layer depletion: The cause of ozone depletion is the increase in the
level of free radicals such as hydroxyl radicals, nitric oxide radicals and
atomic chlorine and bromine. The most important compound, which
accounts for almost 80% of the total depletion of ozone in the stratosphere
are chlorofluorocarbons (CFC). Because of stratospheric ozone depletion, a
larger fraction of UV-B radiation reaches the earth surface. This can have
harmful effects upon human health, animal health, terrestrial and aquatic
ecosystems, biochemical cycles and on materials.
 Human toxicity: Includes the impacts on human health of toxic substances
emitted to the environment.
 Fresh water aquatic ecotoxicity: Refers to the impact of toxic substances
emitted to freshwater aquatic ecosystems.
 Marine aquatic ecotoxicity: Refers to the impact of toxic substances emitted
to marine aquatic ecosystems.
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 Terrestrial ecotoxicity: Refers to the impact of toxic substances emitted to
terrestrial ecosystems.
3.4.1.2 Assessment method
There are several types of environmental impact, causing atmospheric, aquatic or
terrestrial pollution [23, 26]. The impact assessment is a quantitative or a qualitative
procedure in order to estimate the environmental impact from the emissions of a
production process (environmental load).  It is the connection between the life cycle of
a product or a system and the potential impacts of it in the human health or/and in the
ecosystem. The three main parts of the impact assessment are:
I. Classification and characterization
In this part the impact is grouped and classified in order to convert the simple loads to
environmental impact. This can be done by summing the pollutants that cause the
same effect. Every impact consists of specific pollutants, when one pollutant may
participate in more than one impact. For instance, CO2 emissions in kgCO2/kWh are
assigned to the global warming impact category. NOx emissions in kgNOx/kWh are
assigned to the human toxicity, photochemical oxidation, acidification, and
eutrophication impact categories. The classification may be qualitative (simple
reference and recording of direct and indirect environmental impacts) or quantitative
(use of specific factors in order the results to be more clear and usable).
In the characterization step, the environmental load that was matched to the
appropriate impact categories (one or more), is now quantified to a common unit for
each impact category, by using characterization factors. Then each impact category has
a category indicator result. For example, all emission related to the abiotic depletion
impact category are multiplied by an appropriate factor, different for each pollutant
(as a result of the contribution of each pollutant to the impact category). All results are
now in the same units, in this case kg Sb eq, and can be added to result to a single
score for this impact category. Finishing with all impact categories results in the
environmental profile of the system assessed.
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The characterization factors and units used in CML are defined as follows [26]:
- Abiotic depletion: the characterization factor is the potential of abiotic depletion of
the extraction of those minerals and fossil fuels. The unit of the characterization factor
is kg of antimony (Sb) equivalents per kg of extracted mineral.
- Global warming: the characterization factor is the potential of global warming of each
greenhouse gas emission to the air. The unit of the characterization factor is kg of
carbon dioxide (CO2) equivalents per kg of emission.
- Human toxicity: the characterization factor is the potential of human toxicity of toxic
substances emitted to the air, water or/and soil. The unit of the characterization factor
is kg of 1,4-dichlorobenzene (1,4-DB) equivalents per kg of emission.
- Fresh water aquatic ecotoxicity: the characterization factor is the potential of fresh
water aquatic toxicity of each substance emitted to the air, water or/and soil. The unit
of this factor is kg of 1,4-DB equivalents per kg of emission.
- Marine aquatic ecotoxicity: the characterization factor is the potential of marine
aquatic toxicity of each substance emitted to the air, water or/and soil. The unit of this
factor is kg of 1,4- DB equivalents per kg of emission.
- Terrestrial ecotoxicity: the characterization factor is the potential of terrestrial toxicity
of each substance emitted to the air, water or/and soil. The unit of this factor is kg of
1,4- DB equivalents per kg of emission.
- Photochemical oxidation: the characterization factor is the potential of
photochemical ozone formation of each substance emitted to the air. The unit of this
factor is kg of ethylene (C2H4) equivalents per kg of emission.
- Acidification: the characterization factor is the acidification potential for each
acidifying emission to the air. The unit of this factor is kg of sulfur dioxide (SO2)
equivalents per kg of emission.
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- Eutrophication: the characterization factor is the potential of eutrophication of each
eutrophying emission to the air, water and soil. The unit of this factor is kg of
phosphate ion (PO43-) equivalents per kg of emission.
- Ozone layer depletion: the characterization factor is the potential of ozone layer
depletion of each gas emission to the air. The unit of the characterization factor is kg of
chlorofluorocarbons (CFC-11) equivalents per kg of emission.
II. Normalization
The next step is the normalization of the results. In this method the results become
dimensionless and the comparison of different impacts becomes possible [23, 26].
Although it is not an essential step in LCA methodologies, it is strongly recommended
to undertake normalization step in order to understand the relative importance and
magnitude of the results for a process or a product.
Table 3.2: Normalization factors
Impact category Normalization factors
Abiotic depletion 5.85 E-10
Acidification 1.49E-9
Eutrophication 1.99E-9
Global warming (GWP100) 3.96E-12
Ozone layer depletion (ODP) 1.02E-6
Human toxicity 5.32E-12
Fresh water aquatic ecotoxicity 1.33E-10
Marine aquatic ecotoxicity 3.14E-13
Terrestrial ecotoxicity 1.09E-9
Photochemical oxidation 5.49E-9
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In the normalization phase, the results of the characterization step for the systems
assessed are related to a reference situation. This reference information may be
related to a given community, country or region over a period of time. In this thesis, it
was chosen a normalization method applicable to the European region. Among the
ones included in CML, the “Netherlands, 1997” factors have been chosen. Those
normalization factors are as shown in Table 3.2.
III. Assessment
The final step is the impact assessment, in which weighting factors are used, based on
environmental goals set for every impact [23, 26]. This step is an optional one and is
not recommended for simplified LCA. As a result of this step all systems assessed
obtain a single environmental score which can be compared with other systems score.
In this thesis, the weighting factors used, are the ones resulting from a social panel
approach (Guinée et al, 2001) [26], since nothing is recommended:
Table 3.3:Weighting factors
Impact category Weighting factor
Abiotic depletion 0.01
Acidification 1.3
Eutrophication 1.0
Global warming (GWP100) 2.4
Ozone layer depletion (ODP) 5.1
Human toxicity 1.1
Fresh water aquatic ecotoxicity 0.2
Marine aquatic ecotoxicity 0.2
Terrestrial ecotoxicity 0.4
Photochemical oxidation 0.8
In this study neither normalization nor weighting method were applied to assess the
environmental performance of the systems. The characterized results are sufficient for
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the objective of this study. The other two methods are only referred for the
completion and the better understanding of the LCA method.
3.4.2 Cumulative energy demand (CED)
For better overview of the environmental profiles of the systems the cumulative
energy demand (CED) method is also used [27]. This method applies several
characterization factors for all fuels used (fossil, nuclear, renewable energy sources) in
the production process and results in MJ eq values for each impact category. It is
closely related with the countries’ electricity mix. The impact categories are:
 Non renewable, fossil
 Non renewable, nuclear
 Renewable, biomass
 Renewable, wind, solar, geothermic
 Renewable, water
With this method a better view of the energy consumption of an energy process is
accomplished.
3.5 Ecoinvent database
Ecoinvent database was developed by the Swiss Centre for Life Cycle Inventories (LCI)
[28]. The database accommodates about 4000 datasets for products, services and
processes often used in LCA case studies. It is a well updated and reliable database
including important information about the production processes (including extraction
of raw materials), the waste treatment scenarios and the environmental assessment
methods. It comprises LCI data covering many fields of interest, such as energy
(including oil, natural gas, hard coal, lignite, nuclear energy, hydro power,
photovoltaics, solar heat, wind power, electricity mixes, and biofuels), transport,
building materials, wood (European and tropical wood), renewable fibres, metals
(including precious metals), chemicals (including petrochemical solvents and
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detergents), electronics, mechanical engineering (metals treatment and compressed
air), paper and pulp, plastics, waste treatment and agricultural products. In cases
where no other data for the production processes of the systems assessed, were not
available, the Ecoinvent database was used.
3.6 SimaPro 7 software
SimaPro 7 is the latest generation of the world's most widely used Life Cycle
Assessment (LCA) software [23, 29]. SimaPro is a professional tool that helps you to
analyze the environmental aspects of products or services. It does so in a systematic
and consistent way, so that you can find the best improvement options. SimaPro
allows to model products and systems from a life cycle perspective. Users can build
complex models in a systematic and transparent way using SimaPro's unique features
such as parameters and Monte Carlo analysis. SimaPro includes the well known
Ecoinvent database and a lot of methods of environmental assessment.
It is used for a variety of applications, like:
1. Carbon footprint calculation
2. Product design and eco-design
3. Environmental product declarations (EPD)
4. Environmental impact of products or services
5. Environmental reporting (GRI)
6. Determining of key performance indicators
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4 Environmental performance of
heating systems
In this chapter the LCA method is applied to the manufacturing process of two widely
used heating systems, and also to the distribution and the emission system and the
auxiliary equipment needed.
4.1 Introduction
There are several heating systems applied in residential buildings to produce the heat
and sometimes the hot water needed. The most common systems that are used,
having many years of operation experience, are the oil fired and natural gas fired
boilers.
Figure 4.1: Oil/natural gas boiler
These systems have the same principle of operation [30]. They burn oil or natural gas
in a furnace (burner) to produce the thermal energy needed (Figure 4.1). Via a heat
exchanger this energy is conveyed to the water, which then is circulated via the
distribution system (usually insulated copper pipes) to the emission system (radiators,
floor heating) to heat up the appropriate space of the building. The heat that is not
absorbed by the water is thrown to the environment via gaseous emissions. The
production process of these two boilers is quite similar and same materials are used.
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The main difference of these boilers is the type of the fuel used (oil is liquid, natural
gas is a gas), which results in different system efficiencies, burner system and
emissions during operation phase. The oil boiler usually needs an oil storage tank for
the oil that is needed, when on the other hand in the gas fired boiler the fuel is
transmitted to the burner via natural gas pipelines.
The power and efficiency of these systems varies widely. The best choice of the
heating system is affected by the climate conditions, the size of the system, the cost
and their environmental impact which is a newly entrant method of evaluation.
Nowadays the most efficient boilers are the condensing ones which reclaim the water
vapors that usually were thrown to the environment, by condensing them and use
their ambient heat. This process results in efficiencies that sometimes transcend 100%.
4.2 Boiler production
The boiler assessed is assumed to be produced and manufactured in central Europe
and finally imported to Greece. The analysis includes production and disposal of every
part of the boiler (for a lifetime of 20 years), electric equipment needed, insulation
materials, energy use for the production and their transportation. The available data
for the boilers was for a 100kW and a 10kW boiler, so the results are for the mean per
kW value of these two cases. The materials and the production process of the gas fired
and oil fired boiler are assumed to be almost similar for corresponding power outputs.
These lead to same inflows and outflows of the LCA in the first place. The production
process, the materials and the characterized results are shown in the following
flowchart per kW of power output (Figure 4.2).
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Raw materials
Tap water, 12.805 kg
Alkyd paint, white, 60% in solvent, 0.075 kg
Aluminium, cast alloy, 0.45 kg
Brass, 0.00275 kg
Brazing solder, cadmium free, 0.23 kg
Chromium steel 18/8, 0.375 kg
Copper, 0.2765 kg
Polyethylene, HDPE, granulate, 0.052 kg
Rock wool 0.495 kg
Corrugated board, mixed fibre, single wall, 0.3 kg
Steel, low alloyed, 8.175 kg
Energy/Fuels
Electricity medium voltage, 5.745 kWh
Natural gas, 33.2 MJ
Light fuel oil in industrial furnace, 17.5 MJ
Transportation (includes importation)
Transportation, 7.304 tkm
Final product – Boiler 1kW
Waste to treatment
Disposal of glass sheet to sorting plant, 14.2 kg
Disposal of rock wool to sorting plant, 2.03 kg
Plastics disposal, 0.72 kg
Disposal of corrugated board, 3.33 kg
Treatment of heat carrier liquid, 0.00155 m3
Disposal of hazardous waste, 0.227 kg
After end of lifetime
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Figure 4.2: Production process, materials and outflow results of a boiler 1kW
As shown in the following chart (Figure 4.3), which represents the contribution of each
part of the boiler to the global warming impact category, the steel that is used for the
production is more than 50% of the whole impact. This is mainly explained by the
complex and energy intensive processing for the production of the steel.
Outflows of boiler
Impact categories
Abiotic depletion, 0.215 kg Sb eq
Acidification, 0.161 kg SO2 eq
Eutrophication, 0.018 kg PO43- eq
Global warming, 27.2 kg CO2 eq
Ozone layer depletion, 1.73E-6 kg CFC-11 eq
Human toxicity, 104.71 kg 1,4-DB eq
Fresh water aquatic ecotoxicity, 19.03 kg 1,4-DB eq
Marine aquatic ecotoxixcity, 18429.1 kg 1,4-DB eq
Terrestrial ecotoxicity, 0.515 kg 1,4-DB eq
Photochemical oxidation, 0.0121 kg C2H4
CED
Non renewable, fossil, 367.46 MJ eq
Non renewable, nuclear, 87.17 MJ eq
Renewable, biomass, 7.48 MJ eq
Renewable, solar, wind, geothermic, 0.92 MJ eq
Renewable, water, 23.96 MJ eq
Other emissions
Heat, waste, 20.7 MJ
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2.44%
8.40%
5.59% 0.01%
0.85%
5.81%
0.03%
2.73%
6.68%
1.56%
0.44%
2.77%
0.84%
52.31%
5.01%
4.52%
Electricity, medium voltage
Natural gas
Light fuel oil
Tap water
Alkyd paint
Aluminium
Brass
Brazing solder
Chromium steel
Copper
Polyethylene, HDPE
Rock wool
Corrugated board
Steel, low alloyed
Transportation
Disposal
Figure 4.3: Contribution of each part to the global warming
4.2.1 Integrated system
The auxiliary equipment of the oil boiler includes the chimney, the oil storage tank
(Figure 4.4) that is made by High Density Polyethylene (HDPE), the water pump, the
expansion vessel, insulation materials and their transportation. The auxiliary
equipment of the gas fired boiler includes the chimney, the water pump, the
expansion vessel, insulation materials and their transportation.
Figure 4.4: Oil storage tank [37]
So the oil fired boiler and the gas fired boiler as integrated systems (Figure 4.5) finally
result in environmental impact that is the sum of the auxiliary equipment and the
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boiler production and are shown in the following summarizing figure (Figure 4.6) per
kW of output power.
Figure 4.5: Boiler integrated system [38]
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Figure 4.6: Outflows of integrated systems
The auxiliary equipment of the gas boiler leads to lower environmental impact and
CED for all categories compared to the oil boiler’s auxiliaries. This can be explained by
the fact that an oil storage tank is needed while it constitutes about 17% of the whole
global warming impact as shown in the following chart (Figure 4.7). The HDPE material
that is used for the production of the oil storage has a quite high environmental
impact. So, assessing the final integrated systems and by taking into account the
environmental impact for the production of each system, the gas boiler is the most
preferable solution.
Outflows of integrated oil boiler
Impact categories
Abiotic depletion, 0.309 kg Sb eq
Acidification, 0.287 kg SO2 eq
Eutrophication, 0.026 kg PO43- eq
Global warming, 38.54 kg CO2 eq
Ozone layer depletion, 2.5E-6 kg CFC-11 eq
Human toxicity, 170.27 kg 1,4-DB eq
Fresh water aquatic ecotoxicity, 22.25 kg 1,4-DB eq
Marine aquatic ecotoxixcity, 22901.7 kg 1,4-DB eq
Terrestrial ecotoxicity, 0.803 kg 1,4-DB eq
Photochemical oxidation, 0.018 kg C2H4
CED
Non renewable, fossil, 557.4 MJ eq
Non renewable, nuclear, 111.53 MJ eq
Renewable, biomass, 9.71 MJ eq
Renewable, solar, wind, geothermic, 1.13 MJ eq
Renewable, water, 30.68 MJ eq
Other emissions
Heat, waste, 20.7 MJ
Outflows of integrated gas boiler
Impact categories
Abiotic depletion, 0.242 kg Sb eq
Acidification, 0.178 kg SO2 eq
Eutrophication, 0.0205 kg PO43- eq
Global warming, 31.82 kg CO2 eq
Ozone layer depletion, 2.14E-6 kg CFC-11 eq
Human toxicity, 112.08 kg 1,4-DB eq
Fresh water aquatic ecotoxicity, 20.28 kg 1,4-DB eq
Marine aquatic ecotoxixcity, 19710.6 kg 1,4-DB eq
Terrestrial ecotoxicity, 0.55 kg 1,4-DB eq
Photochemical oxidation, 0.0134 kg C2H4
CED
Non renewable, fossil, 420.91 MJ eq
Non renewable, nuclear, 97.33 MJ eq
Renewable, biomass, 8.07 MJ eq
Renewable, solar, wind, geothermic, 1.02 MJ eq
Renewable, water, 26.2 MJ eq
Other emissions
Heat, waste, 20.7 MJ
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70.57%
3.85%
1.23%
1.41% 5.51%
17.43% Oil boiler
Chimney
Pump
Expansion vessel
Transportation
Oil storage
Figure 4.7: Contribution of each part to the global warming
4.3 Distribution system
The distribution system consists of insulated copper pipes that distribute the produced
hot water from the boiler to the emission system and back. The analysis includes the
materials used, their processing and their transportation. The characterized results per
m of the distribution system are shown in the previous figure (Figure 4.8).
Figure 4.8: Outflows of the distribution system
Impact categories
Abiotic depletion, 0.046 kg Sb eq
Acidification, 0.157 kg SO2 eq
Eutrophication, 0.0056 kg PO43- eq
Global warming, 4.88 kg CO2eq
Ozone layer depletion, 0.59E-6 kg CFC-11 eq
Human toxicity, 89.24 kg 1,4-DB eq
Fresh water aquatic ecotoxicity, 2.99 kg 1,4-DB eq
Marine aquatic ecotoxixcity, 4904.49 kg 1,4-DB eq
Terrestrial ecotoxicity, 0.38 kg 1,4-DB eq
Photochemical oxidation, 0.0061 kg C2H4
CED
Non renewable, fossil, 87.33 MJ eq
Non renewable, nuclear, 14.63 MJ eq
Renewable, biomass, 1.45 MJ eq
Renewable, solar, wind, geothermic, 0.31 MJ eq
Renewable, water, 5.21 MJ eq
Outflows
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4.4 Emission system
The emission system utilizes the hot water (it is transferred there via the distribution
system) from the boiler to heat up the space of a building. The two systems that were
studied and are the most common used in residential buildings are the conventional
radiators and the floor heating.
4.4.1 Radiators
The radiators are the most known, reliable and easily applicable emission system [34].
They are “heat exchangers” designed to transfer thermal energy from one medium to
another for the purpose of space heating. A hot-water radiator consists of a sealed
hollow metal container filled with hot water by gravity feed, a pressure pump, or
convection (Figure 4.9). As it gives out heat the hot water cools and sinks to the
bottom of the radiator and is forced out of a pipe at the other end. So it needs two
distribution pipes, one to feed the radiator with the hot water and one to take back to
the boiler the cooled water. It uses mostly radiation and in lower degree convection to
transfer the thermal energy from the hot water to the air.
Figure 4.9: Radiator [49]
The radiators studied are made of steel. The analysis includes the production of the
radiator and the transportation of the materials. The results are shown in the following
figure (Figure 4.10) per unit of radiator (20kg, 15 slices).
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Figure 4.10: Outflows of radiators
4.4.2 Floor heating
Floor heating is a form of emission system which achieves indoor thermal climate
control using conduction, radiation and convection [35]. It uses fluid flowing (usually
hot water) in pipes which are located under floor (in a circulated distribution) to heat
the floor (Figure 4.11).
Figure 4.11: Floor heating [35]
Impact categories
Abiotic depletion, 0.59 kg Sb eq
Acidification, 0.30 kg SO2 eq
Eutrophication, 0.049 kg PO43- eq
Global warming, 76.53 kg CO2eq
Ozone layer depletion, 4.52E-6 kg CFC-11 eq
Human toxicity, 101.47 kg 1,4-DB eq
Fresh water aquatic ecotoxicity, 43.1 kg 1,4-DB eq
Marine aquatic ecotoxixcity, 38459.12 kg 1,4-DB eq
Terrestrial ecotoxicity, 1.084 kg 1,4-DB eq
Photochemical oxidation, 0.027 kg C2H4
CED
Non renewable, fossil, 990.84 MJ eq
Non renewable, nuclear, 213.98 MJ eq
Renewable, biomass, 11.82 MJ eq
Renewable, solar, wind, geothermic, 3.93 MJ eq
Renewable, water, 35.28 MJ eq
Outflows
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It is a widespread system which offers excellent thermal comfort quality because it
heats first the bottom layer of the air, while on the other hand it is a slow response
system because it has to heat the floor material first (which is usually marble or wood)
and then the air. Although it is more expensive than the radiators, it is preferred due
to the great thermal comfort quality achieved compared to the radiators.
The analysis includes the production, disposal and transportation of the floor heating
and the characterized results along with the production process and the materials
used are shown in the following flowchart (Figure 4.12) per m2 of floor heating.
Figure 4.12: Outflows of 1m2 floor heating
Outflows
Impact categories
Abiotic depletion, 0.054 kg Sb eq
Acidification, 0.021 kg SO2 eq
Eutrophication, 0.003 kg PO43- eq
Global warming, 10.72 kg CO2 eq
Ozone layer depletion, 0.25E-6 kg CFC-11 eq
Human toxicity, 1.38 kg 1,4-DB eq
Fresh water aquatic ecotoxicity, 1.15 kg 1,4-DB eq
Marine aquatic ecotoxixcity, 1278.4 kg 1,4-DB eq
Terrestrial ecotoxicity, 0.0092 kg 1,4-DB eq
Photochemical oxidation, 0.00098 kg C2H4
CED
Non renewable, fossil, 113.1 MJ eq
Non renewable, nuclear, 11.96 MJ eq
Renewable, biomass, 0.471 MJ eq
Renewable, solar, wind, geothermic, 0.029 MJ eq
Renewable, water, 2.06 MJ eq
Inflows
Raw materials
Water, 0.003 m3
Polyethylene, LDPE, granulate, 0.673 kg
Polystyrene, HIPS, 0.44 kg
Sand, 31 kg
Cement, 6 kg
Transportation
Transportation, 1.92 tkm
Waste to treatment
Plastics disposal, 1.113 kg
Disposal of inert waste, 38.2 kg
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5 Environmental performance of
cooling systems
In this chapter the only process that is studied is the production of a typical room air
conditioner, since this system is the most known cooling system that is used in almost
all regions.
5.1 Introduction
The most common cooling system that is used widely is the split unit air conditioner
[31]. It is a reliable, relatively cheap and easily applicable system that uses electricity to
produce the cooling load that is needed. Usually it is used to cool only a room or a
small space of the building.
Its operation is based on the principle of the refrigerant cycle. It uses the evaporation
of a refrigerant to provide cooling. It consists of two main parts, the condenser which
is outside of the house and the evaporator which is inside the house (Figure 5.1).
(a) (b)
Figure 5.1: a) Operation principle b) Parts of split air conditioner [36]
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The phases of the evaporation cycle in an air conditioner are:
 The compressor compresses cool refrigerant gas, causing it to become hot,
high-pressure gas.
 This hot gas runs through a set of coils so it can dissipate its heat, and it
condenses into a liquid.
 This liquid runs through an expansion valve, and in the process it evaporates to
become cold, low-pressure gas.
 This cold gas runs through a set of coils that allow the gas to absorb heat and
cool down the air inside the building.
Nowadays the most efficient air conditioning systems are the ones that have an
inverter reaching an energy efficiency ratio (EER) of 4. The required power of the air
conditioner depends on the use and the size of the space to be cooled and is often
expressed in BTU (0.000293 kW).
5.2 Air conditioner production
The system assessed is a classic split type room air conditioner unit produced in central
Europe. The results are per kW of cooling power. The process includes the production
of the system, the disposal of plastics and aluminum in the end of useful lifetime,
which is estimated to be 20 years, the transportation of all components and fuels to
the production place and finally the importation of the product into Greece. The
production process for this system, the materials used and the characterized results
are shown in the following flowchart (Figure 5.2).
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Raw materials
Reinforcing steel, 11.14 kg
Aluminium 100% recycled, 2.43 kg
Steel low-alloyed, 5 kg
Copper, 2.43 kg
Polyvinylchloride, 0.1 kg
Tube insulation, elastomere, 1 kg
Refrigerant R134a, 0.86 kg
Lubricating oil, 0.24kg
Energy/Fuels
Electricity medium voltage, 14kWh
Natural gas, 200 MJ
Transportation (includes importation)
Transportation, 12.07 tkm
Final product – Air conditioner
1kW
Waste to treatment
Plastics disposal, 1.1 kg
Recycling aluminium, 2.43 kg
After end of lifetime
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1.16%
11.64% 1.85%
6.29%
3.46% 0.11%3.12%
60.33%
0.44%
0.18%
9.59%
1.82%
Electricity
Reinforcing steel
Aluminium
Steel low alloyed
Copper
Polyvinylchloride
Tube insulation
Refrigerant R134a
Transportation
Lbricating oil
Natural gas
Disposal
Figure 5.2: Production process, materials and the characterized results for 1kW of A/C
In the following diagram (Figure 5.3) the relative impact contribution of each material
to the global warming impact category is shown.
Figure 5.3: Contribution of each material to the global warming
Impact categories
Abiotic depletion, 0.53 kg Sb eq
Acidification, 0.605 kg SO2 eq
Eutrophication, 0.038 kg PO43- eq
Global warming, 141.64 kg CO2eq
Ozone layer depletion, 0.0081 kg CFC-11 eq
Human toxicity, 249.75 kg 1,4-DB eq
Fresh water aquatic ecotoxicity, 22.72 kg 1,4-DB eq
Marine aquatic ecotoxixcity, 27765.8 kg   1,4-DB eq
Terrestrial ecotoxicity, 1.45 kg 1,4-DB eq
Photochemical oxidation, 0.0341 kg C2H4
CED
Non renewable, fossil, 949.28 MJ eq
Non renewable, nuclear, 208.18 MJ eq
Renewable, biomass, 7.27 MJ eq
Renewable, solar, wind, geothermic, 2.13 MJ eq
Renewable, water, 43.79 MJ eq
Outflows
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The most significant contribution to the global warming impact category has the
refrigerant R134a, which constitutes more than 60% of the whole impact. This is
mainly a result of the type of this material, which needs complex processing and not
environmental friendly raw materials.
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6 Environmental performance of
PVs
In this chapter the LCA method is applied to photovoltaics that can be used in
residential buildings taking into account different materials and mounting equipments.
6.1 Introduction
PV technology systems collect and convert solar radiation directly into electricity using
the photovoltaic effect. Composed of tiny particles of electromagnetic energy, photons
are the stuff of light [32]. When photons are absorbed by a photovoltaic cell, which
contains a semiconducting material such as silicon, the energy from the photon is
transferred to an electron in an atom of the "solar cell". The energized electron is then
able to escape its bond with the atom and generates an electric current. This leaves
behind a "hole". Combined with a P-N junction, which is a layer within the photovoltaic
cell that is formed by the intimate contact of P-type and N-type semiconductors that
create an electric field, holes move in the opposite direction from electrons, thereby
producing an electric current.
Although it has a quite low efficiency (≈10-20%) compared to the conventional plants it
uses an inexhaustible energy resource, reducing also carbon emissions and greenhouse
gas impacts. So PV technology could have a big impact in the renewable energy
sources use for energy production. Especially in residential buildings as grid connected
systems, PV modules of about 10kW per dwelling could help a lot in the penetration of
renewable energy sources to the system.
The materials that can be used for the production of PV cells are silicon, polysilicon,
amorphous silicon, copper indium diselenide, cadmium telluride and gallium arsenide.
The PV types that are mostly used for residential applications are the mono-Si and the
poly-Si. These types combine both good efficiency and relatively low cost compared to
the others. They also are well known technologies that can be produced in a large
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scale. Amorphous silicon can be used to produce thin film PV cells in large scale but its
low efficiency is a discouraging factor.
After an elementary market and technological research the types of PV cells that can
be used and some basic characteristics of them are presented in the Table 6.1.
Table 6.1: Types and characteristics of PVs
A typical PV system consists of the PV module and the balance of system (BOS)
structures for mounting the PV modules and converting the generated electricity
which is direct current (DC) to alternate current (AC) electricity of the proper
magnitude for usage in the power grid, using an inverter.
In this study only mono-Si and poly-Si PV modules will be examined, since they are the
most common used modules in residential buildings (Figure 6.1). The a-Si thin film
modules are not preferable for residential use due to their low efficiency which leads
to higher areas (they are not easily available) needed to achieve the same power
output. The modules will be initially assessed without the mounting and electrical
installation needed. This extra installation will be analyzed separately.
Material Type of PV cell Efficiencymargins Advantages Disadvantages
Silicon monocrystalline 13-18 %
1)Uniform molecular
structure
2)High efficiency
1)High production cost
2)Energy intensive
production process
Polysilicon polycrystalline 11-16 %
1)More economical
production process
compared to mono-Si
2)Higher coverage ratio
1)Lower efficiency than
mono-Si
Amorphous
silicon Thin film 6-10 %
1)Low cost compared to
crystalline cells
2)High absorption of solar
radiation
1)Low efficiency
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(a) (b)
Figure 6.1: a) Mono-Si cell and panel b) Poly-Si cell and panel
The life-cycle stages of photovoltaics include:
 The production of raw materials
 The processing and purification
 The manufacture of modules and balance of system (BOS) components
 The installation of the systems
 The decommissioning and disposal or recycling.
The production process includes (Figure 6.2):
 Production of high purity Si as base material
 Manufacture of wafers ‐> thin films
 Solar cell
 PV module
 PV system
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Figure 6.2: Production process of PV system [15]
The raw material is usually Silica sand (SiO2) which with the melting electrolysis
process is converted to 99% pure Si (which is still insufficient for PV applications). So,
an extra purification to reach impurity content of 10‐9 is applied. This leads to the
polycrystalline pure Si. To create then mono‐Si (single crystal material) the Czochralski
process is applied (Cz process). Firstly, pure Poly‐Si is melted and a seed crystal is
dipped and then removed slowly by continuous turning creating a cylindrical mono
crystal (Figure 6.3).
Figure 6.3:Wafer production process [32]
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6.2 LCA data
Two different mounting systems will be examined, one for flat roofs and one for
sloped roofs for the two PV modules. The basic technical characteristics of the two
modules (typical values for each case) are shown in the following table (Table 6.2). The
modules are assumed to be constructed in central Europe and imported to Greece.
They have a useful lifetime of 20 years.
Table 6.2: PV modules examined
For better understanding of the production process of a PV system and their
environmental impact the analysis begins with the production of the PV wafer, cell,
panel and finally the applied system. The production process of these two types of PV
systems is similar after the wafer part. The main difference between them appears in
the wafer production (as mentioned before), due to the different processing of the Si
raw material. So, the cell’s, panel’s and final system’s part will be analyzed in parallel.
6.2.1 Production of mono-Si wafer
The analysis begins with the production of 1m2 of mono-Si wafer surface. The sc-Silicon
columns are sawn into square wafers with a size 156x156 mm2 (0.0243 m2) and a
thickness of 270 um. The analysis includes sawing and cleaning of wafers. The process
data include electricity use, water and working material consumption (e.g. stainless
steel for saw-blades, argon gas, hydrofluoric and hydrochloric acid). Production wastes
to be treated and process-specific NOx- and waterborne pollutants are considered [12,
15]. The production process, the materials and the characterized results per m2 of
mono-Si wafer production are shown in the following flowchart (Figure 6.4).
PV Type Cell Efficiency (%) W/m2 of panel
Mono-Si 15.4 136
Poly-Si 13.5 128
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Raw materials
Tap water, 0.006 kg
Water completely softened, 65 kg
CZ single crystalline silicon, 1.075 kg
Silicon carbide, 2.63 kg
Sodium hydroxide, 50% in H2O, 0.015 kg
Hydrochloric acid, 30% in H2O, 0.0027 kg
Acetic acid, 98% in H2O, 0.039 kg
Triethylene glycol, 2.71 kg
Dipropylene glycol monomethyl ether, 0.3 kg
Alkylbenzene sulfonate, linear, petrochemical, 0.24
kg
Acrylic binder, 34% in H2O, 0.002 kg
Glass wool mat, 0.01 kg
Paper, woodfree, coated, 0.19 kg
Polystyrene, HIPS, 0.2 kg
Packaging film, LDPE, 0.1 kg
Brass, 0.00745 kg
Steel, low alloyed, 1.48 kg
Energy/Fuels
Electricity medium voltage, 8 kWh
Natural gas, 4 MJ
Transportation (includes importation)
Transportation, 5.19 tkm
Waste to treatment
Disposal of waste by silicon wafer production
to underground deposit, 0.11 kg
After end of lifetime
Final product – mono-Si wafer
1m2
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Figure 6.4: Production process, materials and characterized results per m2 of mono-Si wafer
6.2.2 Production of poly-Si wafer
The analysis begins with the production of 1m2 of poly-Si wafer surface. The sc-Silicon
columns are sawn into square wafers with a size 156x156 mm2 (0.0243 m2) and a
thickness of 240 um. The analysis includes sawing and cleaning of wafers. The process
data include electricity use, water and working material consumption (e.g. stainless
steel for saw-blades, argon gas, hydrofluoric and hydrochloric acid). Production wastes
to be treated and process-specific NOx- and waterborne pollutants are considered [12,
15]. The production process, the materials and the characterized results per m2 of
poly-Si wafer production are shown in the following flowchart (Figure 6.5).
Impact categories
Abiotic depletion, 0.9995 kg Sb eq
Acidification, 0.444 kg SO2 eq
Eutrophication, 0.064 kg PO43- eq
Global warming, 129.2 kg CO2eq
Ozone layer depletion, 13.8E-6 kg CFC-11 eq
Human toxicity, 29.85 kg 1,4-DB eq
Fresh water aquatic ecotoxicity, 9.07 kg 1,4-DB eq
Marine aquatic ecotoxixcity, 18659.1 kg 1,4-DB eq
Terrestrial ecotoxicity, 0.49 kg 1,4-DB eq
Photochemical oxidation, 0.024 kg C2H4
CED
Non renewable, fossil, 1843.35 MJ eq
Non renewable, nuclear, 526.2 MJ eq
Renewable, biomass, 58.34 MJ eq
Renewable, solar, wind, geothermic, 10.04 MJ eq
Renewable, water, 365.82 MJ eq
Other emissions
Heat, waste, 28.8 MJ
Outflows
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Raw materials
Tap water, 0.006 kg
Water completely softened, 65 kg
Silicon, multi-Si, casted, 1.14 kg
Silicon carbide, 2.63 kg
Sodium hydroxide, 50% in H2O, 0.015 kg
Hydrochloric acid, 30% in H2O, 0.0027 kg
Acetic acid, 98% in H2O, 0.039 kg
Triethylene glycol, 2.71 kg
Dipropylene glycol monomethyl ether, 0.3 kg
Alkylbenzene sulfonate, linear, petrochemical, 0.24
kg
Acrylic binder, 34% in H2O, 0.002 kg
Glass wool mat, 0.01 kg
Paper, woodfree, coated, 0.19 kg
Polystyrene, HIPS, 0.2 kg
Packaging film, LDPE, 0.1 kg
Brass, 0.00745 kg
Steel, low alloyed, 1.483 kg
Energy/Fuels
Electricity medium voltage, 8 kWh
Natural gas, 4 MJ
Transportation (includes importation)
Transportation, 5.23 tkm
After end of lifetime
Final product – poly-Si wafer
1m2
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Figure 6.5: Production process, materials and characterized results per m2 of poly-Si wafer
6.2.3 Production of PV cells
The analysis continues with the production of 1 m2 photovoltaic cells (156*156 mm2),
assuming 6% losses during lifetime. It includes cleaning, damage etching, texture
etching, covering of backside, phosphor dotation, phosphor glass etching, printing of
contacts, cleaning and quality testing (Figure 6.6) [12, 15].
Impact categories
Abiotic depletion, 0.73 kg Sb eq
Acidification, 0.258 kg SO2 eq
Eutrophication, 0.0425 kg PO43- eq
Global warming, 89.60 kg CO2eq
Ozone layer depletion, 12.6E-6 kg CFC-11 eq
Human toxicity, 21.65 kg 1,4-DB eq
Fresh water aquatic ecotoxicity, 5.66 kg 1,4-DB eq
Marine aquatic ecotoxixcity, 10789.96 kg 1,4-DB eq
Terrestrial ecotoxicity, 0.28 kg 1,4-DB eq
Photochemical oxidation, 0.017 kg C2H4
CED
Non renewable, fossil, 1362.5 MJ eq
Non renewable, nuclear, 211.2 MJ eq
Renewable, biomass, 51.92 MJ eq
Renewable, solar, wind, geothermic, 4.17 MJ eq
Renewable, water, 369.73 MJ eq
Other emissions
Heat, waste, 28.8 MJ
Outflows
Waste to treatment
Disposal of waste by silicon wafer production
to underground deposit, 0.17 kg
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Figure 6.6: Production process of PV cells [39]
- 65 -
The production process, the materials (same for both PV types) and the characterized
results (different for each type) per m2 of cell production are shown in the following
flowchart (Figure 6.7).
Raw materials
PV wafer, 1.06 m2
Metallization paste, 0.084 kg
Ammonia, liquid, 0.006739 kg
Phosphoric acid, 70% in H2O, 0.007674 kg
Phosphoryl chloride, 0.001595 kg
Titanium dioxide, 1.42E-6 kg
Ethanol from ethylene, 0.000641 kg
Isopropanol, 0.079 kg
Organic solvents, 0.001434 kg
Silicone product, 0.001212 kg
Sodium silicate, spray powder 80%, 0.07479 kg
Calcium chloride, 0.022 kg
Acetic acid, 98% in H2O, 0.0028 kg
Hydrochloric acid, 30% in H2O, 0.046 kg
Hydrogen fluoride, 0.0377 kg
Nitric acid, 50% in H2O, 0.027 kg
Sodium hydroxide, 50% in H2O, 0.157 kg
Argon, liquid, 0.0257 kg
Oxygen, liquid, 0.102 kg
Nitrogen, liquid, 1.85 kg
Tetrafluoroethylene, 0.003156 kg
Polystyrene, expandable, 0.000407 kg
Water, completely softened, 137.25 kg
Energy/Fuels
Electricity medium voltage, 30.24 kWh
Natural gas, 4.76 MJ
Light fuel oil, burned in industrial furnace, 1.16 MJ
Transportation (includes importation)
Transportation, 1.83 tkm
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Figure 6.7: Production process, materials and characterized results per m2 of PV cell
Final product –PV cell 1m2
Outflows of mono-Si cells
Impact categories
Abiotic depletion, 1.243 kg Sb eq
Acidification, 0.585 kg SO2 eq
Eutrophication, 0.0972 kg PO43- eq
Global warming, 161.44 kg CO2eq
Ozone layer depletion, 43.6E-6 kg CFC-11 eq
Human toxicity, 46.92 kg 1,4-DB eq
Fresh water aquatic ecotoxicity, 12.02 kg 1,4-DB eq
Marine aquatic ecotoxixcity, 24593.74 kg 1,4-DB eq
Terrestrial ecotoxicity, 0.69 kg 1,4-DB eq
Photochemical oxidation, 0.030 kg C2H4
CED
Non renewable, fossil, 2208.05 MJ eq
Non renewable, nuclear, 702.44 MJ eq
Renewable, biomass, 66.85 MJ eq
Renewable, solar, wind, geothermic, 13.29 MJ eq
Renewable, water, 406.85 MJ eq
Other emissions
Heat, waste, 108.88 MJ
Outflows of poly-Si cells
Impact categories
Abiotic depletion, 0.957 kg Sb eq
Acidification, 0.389 kg SO2 eq
Eutrophication, 0.074 kg PO43- eq
Global warming, 119.45 kg CO2eq
Ozone layer depletion, 42.2E-6 kg CFC-11 eq
Human toxicity, 38.23 kg 1,4-DB eq
Fresh water aquatic ecotoxicity, 8.4 kg 1,4-DB eq
Marine aquatic ecotoxixcity, 16252.46 kg 1,4-DB eq
Terrestrial ecotoxicity, 0.47 kg 1,4-DB eq
Photochemical oxidation, 0.023 kg C2H4
CED
Non renewable, fossil, 1698.34 MJ eq
Non renewable, nuclear, 368.5 MJ eq
Renewable, biomass, 60.04 MJ eq
Renewable, solar, wind, geothermic, 7.07 MJ eq
Renewable, water, 410.99 MJ eq
Other emissions
Heat, waste, 108.88 MJ
Waste to treatment
Disposal of waste by PV cell production, 0.217 m3
After end of lifetime
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6.2.4 Production of PV panels
This part analyzes the production process of 1m2 of PV panels. The analysis includes
production of the cell matrix, cutting of foils, washing and tempering of glass and
isolation. It also takes into account the aluminium frame of the panel, the electrical
installation and the disposal after end of life [12, 15]. The production process, the
materials (same for both PV types) and the characterized results (different for each
type) per m2 of panel production are shown in the following flowchart (Figure 6.8).
Raw materials
Tap water, 21.29 kg
Photovoltaic cell, 0.9324 m2
Aluminium alloy, AlMg3, 2.63 kg
Nickel 99.5%, 0.000163 kg
Brazing solder, cadmium free, 0.008765 kg
Solar glass, low iron, 10.079 kg
Copper, 0.1127 kg
Glass fibre reinforced plastic, 0.1878 kg
Ethylvinylacetate, foil, 1.0017 kg
Polyvinylfluoride film, 0.1104 kg
Polyethylene terephthalate, 0.373 kg
Silicone product, 0.122 kg
Acetone, liquid, 0.013 kg
Methanol, 0.00216 kg
Vinyl acetate, 0.001643 kg
Lubricating oil, 0.001607 kg
Corrugated board, mixed fibre, single wall, 1.0956 kg
1-propanol, 0.008139
Energy/Fuels
Electricity medium voltage, 4.71 kWh
Natural gas, 19.4 MJ
Light fuel oil, burned in industrial furnace, 1.16
MJ
Transportation (includes importation)
Transportation, 11.06 tkm
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Figure 6.8: Production process, materials and characterized results per m2 of panel
Outflows of mono-Si PV panel
Impact categories
Abiotic depletion, 1.436 kg Sb eq
Acidification, 0.789 kg SO2 eq
Eutrophication, 0.114 kg PO43- eq
Global warming, 192.47 kg CO2eq
Ozone layer depletion, 43.6E-6 kg CFC-11 eq
Human toxicity, 94.22 kg 1,4-DB eq
Fresh water aquatic ecotoxicity, 17.84 kg 1,4-DB eq
Marine aquatic ecotoxixcity, 32356.84 kg 1,4-DB eq
Terrestrial ecotoxicity, 0.863 kg 1,4-DB eq
Photochemical oxidation, 0.040 kg C2H4
CED
Non renewable, fossil, 2595.48 MJ eq
Non renewable, nuclear, 749.91 MJ eq
Renewable, biomass, 86.83 MJ eq
Renewable, solar, wind, geothermic, 13.60 MJ eq
Renewable, water, 420.84 MJ eq
Other emissions
Heat, waste, 16.96 MJ
Outflows of poly-Si PV panel
Impact categories
Abiotic depletion, 1.17 kg Sb eq
Acidification, 0.606 kg SO2 eq
Eutrophication, 0.092 kg PO43- eq
Global warming, 153.32 kg CO2eq
Ozone layer depletion, 42.3E-6 kg CFC-11 eq
Human toxicity, 86.12 kg 1,4-DB eq
Fresh water aquatic ecotoxicity, 14.46 kg 1,4-DB eq
Marine aquatic ecotoxixcity, 24579.35 kg 1,4-DB eq
Terrestrial ecotoxicity, 0.654 kg 1,4-DB eq
Photochemical oxidation, 0.033 kg C2H4
CED
Non renewable, fossil, 2120.22 MJ eq
Non renewable, nuclear, 438.57 MJ eq
Renewable, biomass, 80.49 MJ eq
Renewable, solar, wind, geothermic, 7.81 MJ eq
Renewable, water, 424.71 MJ eq
Other emissions
Heat, waste, 16.96 MJ
Final product –PV panel 1m2
Waste to treatment
Disposal, municipal solid waste, 0.03 kg
Disposal, polyvinylfluoride, 0.1104 kg
Plastics disposal, 1.6861 kg
Disposal of lubricating oil, 0.001607 kg
After end of lifetime
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6.2.5 PV system installation
This final step includes all components for the installation of a 1m2 photovoltaic plant
in a roof, the energy use for the mounting, the transport of materials and persons to
the construction place and the disposal of components after end of life. The
equipment needed for the installation consists of:
 Electric installation
 Flat/sloped roof construction
 Inverter (assuming 1 replacement in the life time)
 Photovoltaic panel (2% of modules repaired in the life time, 1% rejects)
6.2.5.1Mounted in flat roof
The characterized results for the installation in flat roof (Figure 6.9) are shown in the
Figure 6.10 normalized for 1m2 of PV installation.
Figure 6.9: Flat roof installation [40]
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Figure 6.10: Outflows of flat roof installation
As shown in the previous figure for the production of 1 m2 of these two systems the
poly-Si PV plant is environmentally better, since not only in all impact categories but
also in the CED results, presents lower impact. This can be explained by the fact that
more complex manufacturing process for the mono-Si wafer is needed (chapter 6.1). In
the following charts (Figure 6.11, 6.12) the contribution to the global warming impact
category of each part of the installation is presented. In both cases the PV panel
represents more than 50% of the whole impact, followed by the flat roof construction.
Outflows for mono-Si installation
Impact categories
Abiotic depletion, 2.1366 kg Sb eq
Acidification, 1.487 kg SO2 eq
Eutrophication, 0.173 kg PO43- eq
Global warming, 298.34 kg CO2eq
Ozone layer depletion, 49.9E-6 kg CFC-11 eq
Human toxicity, 544.38 kg 1,4-DB eq
Fresh water aquatic ecotoxicity, 69.73 kg 1,4-DB eq
Marine aquatic ecotoxixcity, 84948.56 kg 1,4-DB eq
Terrestrial ecotoxicity, 2.27 kg 1,4-DB eq
Photochemical oxidation, 0.088 kg C2H4
CED
Non renewable, fossil, 3928.1 MJ eq
Non renewable, nuclear, 1032.86 MJ eq
Renewable, biomass, 106.015 MJ eq
Renewable, solar, wind, geothermic, 16.62 MJ eq
Renewable, water, 552.83 MJ eq
Other emissions
Heat, waste, 1.224 MJ
Outflows for poly-Si installation
Impact categories
Abiotic depletion, 1.85 kg Sb eq
Acidification, 1.275 kg SO2 eq
Eutrophication, 0.150 kg PO43- eq
Global warming, 256.12 kg CO2eq
Ozone layer depletion, 48.4E-6 kg CFC-11 eq
Human toxicity, 519.7 kg 1,4-DB eq
Fresh water aquatic ecotoxicity, 64.86 kg 1,4-DB eq
Marine aquatic ecotoxixcity, 75852.63 kg 1,4-DB eq
Terrestrial ecotoxicity, 2.004 kg 1,4-DB eq
Photochemical oxidation, 0.079 kg C2H4
CED
Non renewable, fossil, 3412.58 MJ eq
Non renewable, nuclear, 712.25 MJ eq
Renewable, biomass, 98.81 MJ eq
Renewable, solar, wind, geothermic, 10.68 MJ eq
Renewable, water, 554.93 MJ eq
Other emissions
Heat, waste, 1.224 MJ
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0.0062%
7.23%
7.51%
16.66%
64.52%
4.07%
Electricity low voltage
Inverter
Electric installation
Flat roof construction
mono-Si PV panel
Transportation
0.0068%
7.93%
8.23%
19.43%
59.86%
4.55%
Electricity low voltage
Inverter
Electric installation
Flat roof construction
poly-Si PV panel
Transportation
Figure 6.11: Relative contribution to the global warming, mono-Si PV panel
Figure 6.12: Relative contribution to the global warming, poly-Si PV panel
6.2.5.2Mounted in sloped roof
The characterized results for the installation in sloped roof (Figure 6.13) are shown in
Figure 6.14 normalized per m2 of PV installation.
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Figure 6.13: Sloped roof installation [41]
Figure 6.14: Outflows of sloped roof installation
Outflows for mono-Si installation
Impact categories
Abiotic depletion, 1.983 kg Sb eq
Acidification, 1.40 kg SO2 eq
Eutrophication, 0.159 kg PO43- eq
Global warming, 273.71 kg CO2eq
Ozone layer depletion, 48.3E-6 kg CFC-11 eq
Human toxicity, 509.17 kg 1,4-DB eq
Fresh water aquatic ecotoxicity, 59.38 kg 1,4-DB eq
Marine aquatic ecotoxixcity, 72991.43 kg 1,4-DB eq
Terrestrial ecotoxicity, 2.21 kg 1,4-DB eq
Photochemical oxidation, 0.083 kg C2H4
CED
Non renewable, fossil, 3594.93 MJ eq
Non renewable, nuclear, 1007.7 MJ eq
Renewable, biomass, 106.66 MJ eq
Renewable, solar, wind, geothermic, 16.71 MJ eq
Renewable, water, 531.81 MJ eq
Other emissions
Heat, waste, 1.224 MJ
Outflows for poly-Si installation
Impact categories
Abiotic depletion, 1.698 kg Sb eq
Acidification, 1.19 kg SO2 eq
Eutrophication, 0.136 kg PO43- eq
Global warming, 231.95 kg CO2eq
Ozone layer depletion, 46.9E-6 kg CFC-11 eq
Human toxicity, 484.49 kg 1,4-DB eq
Fresh water aquatic ecotoxicity, 54.5 kg 1,4-DB eq
Marine aquatic ecotoxixcity, 63909.56 kg 1,4-DB eq
Terrestrial ecotoxicity, 1.94 kg 1,4-DB eq
Photochemical oxidation, 0.074 kg C2H4
CED
Non renewable, fossil, 3086.06 MJ eq
Non renewable, nuclear, 687.2 MJ eq
Renewable, biomass, 99.47 MJ eq
Renewable, solar, wind, geothermic, 10.77 MJ eq
Renewable, water, 533.92 MJ eq
Other emissions
Heat, waste, 1.224 MJ
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0.0017%
8.75%
9.09%
14.31%
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Transportation
0.0015%
7.88%
8.19%
12.11%
70.32%
1.50%
Electricity low voltage
Inverter
Electric Installation
Slanted roof construction
mono-Si PV panel
Transportation
As expected the poly-Si PV installation has better performance taking into account the
environmental impact of the systems. An important point that arises from this analysis
is that the sloped roof system leads to improved environmental results (about 7%
reduction) in both cases due to the simplest mounting processing needed. This is also
shown in the following charts (Figures 6.15, 6.16), in which the sloped roof
construction contribution is lower compared to the flat roof construction.
Figure 6.15: Relative contribution to the global warming, mono-Si PV panel
Figure 6.16: Relative contribution to the global warming, poly-Si PV panel
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7 Environmental performance of
solar collectors
In this chapter the two main solar collector types (flat plate collector and evacuated
tube solar collector) are environmentally assessed as integrated systems.
7.1 Introduction
Solar collectors are an alternative way to produce the hot water that is needed in a
residential building. The most common types of solar collector are the flat plate and
the evacuated tube, which both use water as heat carrier with antifreeze contaminant.
Although these systems have lower efficiency compared to the conventional ones
(electrical water heater and/or boiler) they are very environmental friendly and
economical (reduction of electricity or other fuel consumption) during their lifetime.
Their principle of operation is quite simple [33], since they exploit sun’s radiation in
order to heat up the water. The main difference between the two types of solar
collector is in the way the heat is transferred to the water.
The flat plate collector consists of single copper pipes, mounted in aluminium casing,
that pass through a dark painted surface (absorber) in order to heat directly the water
that circulates into them.
Figure 7.1: Flat plate solar collector [42]
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There is also a glazing in order to increase the efficiency of the heat transfer and
insulation in the back of the absorber to reduce the thermal losses (Figures 7.1, 7.2).
Figure 7.2: Flat plate collector inside view
On the other hand the evacuated tube collector features a heat pipe placed inside a
vacuum sealed tube (Figure 7.3). The pipe, which is a sealed copper pipe, is then
attached to a black copper fin that fills the tube. Protruding from the top of each tube
is a metal tip attached to the pipe (condenser). The heat pipe contains a small amount
of fluid (e.g. methanol) that undergoes a repeating evaporating condensing (using
solar heat) cycle and indirectly heats the water (Figure 7.4).
Figure 7.3: Evacuated tube inside view
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Figure 7.4: Evacuated tube solar collector [43]
Both systems need a storage tank for the hot water produced in order this to be
available any time of the day. This tank is either mounted in the upper part of the
collector or it is located somewhere in the house and is always well insulated to reduce
the thermal losses to the environment. Most of the times an electrical water heater is
needed to provide auxiliary heat in cases of low sun radiation.
The selection of the appropriate system is difficult. Flat plate collectors are cheaper
and probably more reliable, but due to their construction evacuated tube solar
collectors work well (higher efficiency) even in very high temperature differences
(between the collector and the environment). For low temperature differences flat
plate collectors have higher efficiency and are more preferable.
7.2 Flat plate solar collector
The flat plate collector is assumed to be produced in Greece, has selective black
chrome coating on copper made in USA and imported to Greece. Other main
components are also imported from USA, when the glass is coated in Denmark. The
analysis includes the production and disposal (for a useful lifetime of 20 years) of the
flat plate collector and also materials, water and energy use for production. It also
includes the transportation of materials and fuels to the production place and the
importation of all components needed into Greece. The characterized results, the
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materials used and the production process are shown in the following flowchart per m2
of solar collector (Figure 7.5).
Raw materials
Tap water, 9.4 kg
Water completely softened, 1.38 kg
Rock wool, 2.43 kg
Corrugated board, mixed fibre, single wall, 3.68 kg
Solar glass, low iron, 9.12 kg
Synthetic rubber, 0.732 kg
Silicone product, 0.0588 kg
Propylene glycol, liquid, 1.01 kg
Aluminium, wrought alloy, 3.93kg
Brazing solder, cadmium free, 0.00368 kg
Soft solder, Sn97Cu3, 0.0588 kg
Copper, 2.82 kg
Chromium steel 18/8, 4.14 kg
Selective coating, copper sheet, 1m2
Anti-reflex coating, etching, solar glass, 1m2
Energy/Fuels
Electricity medium voltage, 6.26 kWh
Natural gas, 2.25 MJ
Light fuel oil in industrial furnace, 2.25 MJ
Transportation (includes importation)
Transportation, 125.4 tkm
Final product – Flat plate solar
collector 1m2
After end of lifetime
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Figure 7.5: Characterized results, materials and production process per m2 of flat plate
collector
In the following chart (Figure 7.6) the contribution of each material to the global
warming impact category is presented. The aluminium which contributes 38.24% and
the chromium with 19.61% are the most significant factors due to their non
environmental friendly production process.
Waste to treatment
Disposal of glass sheet to sorting plant, 9.12 kg
Disposal of rock wool to sorting plant, 2.43 kg
Plastics disposal, 0.79 kg
Disposal of corrugated board, 3.68 kg
Treatment of heat carrier liquid, 0.00239 m3
Impact categories
Abiotic depletion, 0.74 kg Sb eq
Acidification, 1.01 kg SO2 eq
Eutrophication, 0.08 kg PO43- eq
Global warming, 110.62 kg CO2eq
Ozone layer depletion, 9.95E-6 kg CFC-11 eq
Human toxicity, 836.96 kg 1,4-DB eq
Fresh water aquatic ecotoxicity, 85.15 kg 1,4-DB eq
Marine aquatic ecotoxixcity, 91372.45 kg 1,4-DB eq
Terrestrial ecotoxicity, 2.26 kg 1,4-DB eq
Photochemical oxidation, 0.052 kg C2H4
CED
Non renewable, fossil, 1439.25 MJ eq
Non renewable, nuclear, 182.54 MJ eq
Renewable, biomass, 58.6 MJ eq
Renewable, solar, wind, geothermic, 4.56 MJ eq
Renewable, water, 187.06 MJ eq
Other emissions
Heat, waste, 4.16 MJ
Outflows
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0.82% 0.0026%
0.000033%
2.98%
2.18%
5.48%
1.73%
0.14%
3.78%
38.24%
0.0089%
0.84%
5.14%
19.61%
4.40%
1.96%
1.34% 8.95%
Electricity, medium voltage
Tap water
Water, completely softened
Rock wool
Corrugated board
Solar glass
Synthetic rubber
Silicone product
Propylene glycol
Aluminium
Brazing solder
Soft solder
Copper
Chromium
Transportation
Selective coating
Anti reflex coating
Disposal and treatment
Figure 7.6: Contribution of each material to the global warming
7.3 Evacuated tube solar collector
The evacuated tube solar collector is assumed to be produced in Great Britain, has
selective TINOX-coating on copper made in Germany and imported to Great Britain.
Other main components are also imported from Germany. The analysis includes
production and disposal (for a useful lifetime of 20 years) of an evacuated tube solar
collector and the transportation and importation of materials and fuels to the
production place and finally to Greece. The characterized results, the materials used
and the production process are shown in the following flowchart per m2 of solar
collector (Figure 7.7).
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Raw materials
Tap water, 53.6 kg
Water completely softened, 0.9 kg
Chemicals organic, 0.0113 kg
Hydrochloric acid, 30% in water, 0.113 kg
Rock wool, 2.03 kg
Corrugated board, mixed fibre, single wall, 3.33 kg
Glass tube, borosilicate, 14.2 kg
Synthetic rubber, 0.667 kg
Silicone product, 0.0533 kg
Propylene glycol, liquid, 0.654 kg
Brazing solder, cadmium free, 0.1 kg
Copper, 2.8 kg
Chromium steel 18/8, 4 kg
Selective coating, copper sheet, 1m2
Anti-reflex coating, etching, solar glass, 1m2
Energy/Fuels
Electricity medium voltage, 22 kWh
Natural gas, 18.74 MJ
Light fuel oil in industrial furnace, 2.24 MJ
Transportation (includes importation)
Transportation, 33.6 tkm
Final product - Evacuated tube
solar collector 1m2
Waste to treatment
Disposal of glass sheet to sorting plant, 14.2 kg
Disposal of rock wool to sorting plant, 2.03 kg
Plastics disposal, 0.72 kg
Disposal of corrugated board, 3.33 kg
Treatment of heat carrier liquid, 0.00155 m3
Disposal of hazardous waste, 0.227 kg
After end of lifetime
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Figure 7.7: Characterized results, materials and production process per m2 of evacuated tube
collector
In the following diagram (Figure 7.8) the contribution of each material to the global
warming impact category is presented. The glass tube with 34.69% and the chromium
with 20.71% are the most significant contributors. An interesting point is that the
evacuated tube solar collector shows a better environmental performance per m2
compared to the flat plate collector, presenting lower values in all impact and CED
categories. This can be explained by the fact that the aluminium that is used in the flat
plate collector in this case is replaced by the glass tube, leading to lower
environmental impact. The aluminium manufacturing process is one of the most
environmental intensive ones.
Impact categories
Abiotic depletion, 0.725 kg Sb eq
Acidification, 0.809 kg SO2 eq
Eutrophication, 0.074 kg PO43- eq
Global warming, 101.24 kg CO2eq
Ozone layer depletion, 8.7E-6 kg CFC-11 eq
Human toxicity, 599.96 kg 1,4-DB eq
Fresh water aquatic ecotoxicity, 65.85 kg 1,4-DB eq
Marine aquatic ecotoxixcity, 69899.42 kg 1,4-DB eq
Terrestrial ecotoxicity, 1.8 kg 1,4-DB eq
Photochemical oxidation, 0.034 kg C2H4
CED
Non renewable, fossil, 1309.61 MJ eq
Non renewable, nuclear, 272.8 MJ eq
Renewable, biomass, 65.01 MJ eq
Renewable, solar, wind, geothermic, 6.86 MJ eq
Renewable, water, 55.36 MJ eq
Other emissions
Heat, waste, 61.3 MJ
Outflows
- 83 -
10.08%
1.14%
0.0165%
0.000024%
0.0204%
0.10% 2.16%
34.69%
1.73%
2.72%
0.14%
8.92%0.26%
2.67%
20.71%
2.73%
0.83% 1.47% 8.88%
Electricity, medium voltage
Natural gas
Tap water
Water, completely softened
Chemicals organic
Hydrochloric acid
Corrugated board
Glass tube
Synthetic rubber
Rock wool
Silicone product
Copper
Brazing solder
Propylene
Chromium
Transportation
Selective coating
Anti reflex coating
Disposal and treatment
Figure 7.8: Contribution of each material to the global warming
7.4 Auxiliary equipment for solar collectors
The auxiliary equipment for both types of solar collector consists of:
 A hot water storage tank (Figure 7.9)
 Copper pipes for the distribution of the hot water
 A pump for the pumping of the water
 An expansion vessel to absorb excess water pressure
 Auxiliary electric heater as a backup unit
 Insulation of pipes and of hot water storage tank to reduce thermal losses
 Mounting equipment
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Figure 7.9: Hot water storage tank [44]
The analysis includes the production and transportation of all above mentioned
systems. The characterized results are shown in the following figure, as a sum of all
auxiliary systems, normalized per m2 of solar collector (Figure 7.10).
Figure 7.10: Outflow results of auxiliary equipment
The following diagram (Figure 7.11) shows the contribution of each part of the
auxiliary equipment to the global warming impact category. The most significant
contributor with 67.02% is the hot water tank, followed by the transportation 16.72%.
Impact categories
Abiotic depletion, 2.087 kg Sb eq
Acidification, 1.423 kg SO2 eq
Eutrophication, 0.199 kg PO43- eq
Global warming, 258.46 kg CO2eq
Ozone layer depletion, 2.57E-5 kg CFC-11 eq
Human toxicity, 1281.75 kg 1,4-DB eq
Fresh water aquatic ecotoxicity, 230.67 kg 1,4-DB eq
Marine aquatic ecotoxixcity, 217345.22 kg 1,4-DB eq
Terrestrial ecotoxicity, 4.3 kg 1,4-DB eq
Photochemical oxidation, 0.11 kg C2H4
CED
Non renewable, fossil, 3621.16 MJ eq
Non renewable, nuclear, 667.11 MJ eq
Renewable, biomass, 121.37 MJ eq
Renewable, solar, wind, geothermic, 15.3 MJ eq
Renewable, water, 170.53 MJ eq
Outflows
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0.000046%
5.24%
1.71%
1.84%
67.02%
1.86%
0.82%
2.25%
16.72%
2.53%
Water,completely softened
Propylene glycol.liquid
Tube insulation
Copper
Hot water tank
Pump
Auxiliary electric heating
Expansion vessel
Transportation
Treatment of heat carrier
The hot water tank is mainly made by steel and chromium, which are related with two
of the most environmental intensive manufacturing processes in the industrial sector.
The transportation contribution is also quite important because every part needs to be
transported to the final user, increasing the transportation needs.
Figure 7.11: Contribution of each part of auxiliary equipment to global warming
7.5 Integrated system
The final integrated system (Figure 7.12) of the flat plate and evacuated tube solar
collector includes both the solar collector and the auxiliary equipment and the
characterized results per m2 of applied system are shown in Figure 7.13.
Figure 7.12: Integrated solar collector system [45]
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Figure 7.13: Outflows of integrated solar collector systems
The final outflows (Figure 7.13) show a small precedence of the evacuated tube solar
collector system, as expected by the chapter 7.3. An interesting point is that the
auxiliary equipment contributes a quite significant amount in all impact and CED
categories. As shown in the following pie charts (Figures 7.14, 7.15) presenting the
global warming impact category contribution, the auxiliary equipment is more than
70% of the overall impact result in both cases.
Outflows of evacuated tube solar collector
integrated system
Impact categories
Abiotic depletion, 2.81 kg Sb eq
Acidification, 2.23 kg SO2 eq
Eutrophication, 0.27 kg PO43- eq
Global warming, 359.7 kg CO2 eq
Ozone layer depletion, 34.4E-6 kg CFC-11 eq
Human toxicity, 1881.71 kg 1,4-DB eq
Fresh water aquatic ecotoxicity, 296.52 kg 1,4-DB eq
Marine aquatic ecotoxixcity, 287244.6 kg 1,4-DB eq
Terrestrial ecotoxicity, 6.1 kg 1,4-DB eq
Photochemical oxidation, 0.15 kg C2H4
CED
Non renewable, fossil, 4930.77 MJ eq
Non renewable, nuclear, 939.91 MJ eq
Renewable, biomass, 186.38 MJ eq
Renewable, solar, wind, geothermic, 22.16 MJ eq
Renewable, water, 225.9 MJ eq
Other emissions
Heat, waste, 61.3 MJ
Outflows of flat plate solar collector
integrated system
Impact categories
Abiotic depletion, 2.83 kg Sb eq
Acidification, 2.43 kg SO2 eq
Eutrophication, 0.28 kg PO43- eq
Global warming, 369.1 kg CO2 eq
Ozone layer depletion, 35.6E-6 kg CFC-11 eq
Human toxicity, 2118.71 kg 1,4-DB eq
Fresh water aquatic ecotoxicity, 315.82 kg 1,4-DB eq
Marine aquatic ecotoxixcity, 308717.7 kg 1,4-DB eq
Terrestrial ecotoxicity, 6.562 kg 1,4-DB eq
Photochemical oxidation, 0.16 kg C2H4
CED
Non renewable, fossil, 5060.41 MJ eq
Non renewable, nuclear, 849.65 MJ eq
Renewable, biomass, 179.98 MJ eq
Renewable, solar, wind, geothermic, 19.86 MJ eq
Renewable, water, 357.6 MJ eq
Other emissions
Heat, waste, 4.16 MJ
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29.97%
70.03%
Flat plate collector
Auxiliaries
28.15%
71.85%
Evacuated tube collector
Auxiliaries
Figure 7.14: Relative contribution to global warming, flat plate collector system
Figure 7.15: Relative contribution to global warming, evacuated tube collector system
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8 Case study
In this chapter the previous environmental analyses are applied to a real residential
building, taking into account not only the production and disposal of the systems but
also their operation phase.
8.1 Introduction
The purpose of this case study is the environmental comparison of the systems taking
into account their production, disposal and operation for 20 years. Moreover, some
interventions will be examined in order to evaluate their effect on the environmental
performance of the base case scenario and their environmental payback period will be
analyzed.
In this chapter only the four main environmental impact categories (global warming,
acidification, eutrophication and photochemical oxidation) will be examined along with
the overall CED of the systems (primary energy).
8.2 Description of the building
It is a fairly representative multi-family urban residential building (Figure 8.2), with a
heated area of 960 m2 and a cooled (air-conditioned) area of 480 m2. The building is
considered to be located in the climatic zone C (more specifically in the city of
Thessaloniki in Northern Greece). The building has four floors above pilotis and is not
attached to any other building, with its main facade oriented south. There are also two
rooms on the ground level, that contain the main entrance and the boiler room. Each
apartment has a front and a rear balcony in the form of projections (overhangs) with a
width of 1 m. The surface of each floor is 240 m2 which is split between two
apartments (114 m2) and the staircase. The layout of each floor is depicted in the
following figure (Figure 8.1). Every apartment features a living room, a kitchen, a
bathroom/WC and two bedrooms. The roof of the building is flat without any shading.
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Figure 8.1: Layout of each floor
8.2.1 HVAC systems
The heating of the building is provided by a central system, featuring an oil-fired boiler,
single pipe distribution system and hydronic baseboard heaters. The system has an
overall nominal efficiency of 0.80. In every apartment there is a thermostatic control,
considered to be in the living-room. Heating period is assumed to begin on October 1st
and ends on April 30th. Thermostats are set at 20oC for 18 hours per day for the
heating period. The living room and the two bedrooms are equipped with split-unit
type room air conditioners with a nominal coefficient of performance (COP) of 3. From
June 1st till August 31st the thermostats are set to 26oC for these three rooms.
8.2.2 Building Physics
The thermal insulation configurations considered satisfy the new energy regulation
limits imposed by the Greek Regulation for Energy Efficiency of Buildings (KENAK) [46]
and achieve the respective overall thermal transmittance (U-value) (Table 8.1).
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Table 8.1: U-value of the building elements
Building element U-value [W/m2K]
External walls 0.45
Flat roof 0.40
Pilotis floor 0.40
Windows 2.80
8.2.3 Other simulation conditions
All simulative calculations were carried out using the Energy Plus simulation software
[46]. Information about occupancy, ventilation and infiltration and internal heat gains
can be found in the National Technical Guidelines of Greece [48].
Figure 8.2: Typical four storey building
The conventional life span of the energy systems under study is assumed to be 20
years. Environmental parameters are examined for the whole energy system’s life
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cycle: production, operation, dismantling and end of life management. Oil and
electricity emission factors for the operation phase are taken from the National
Technical Guidelines of Greece.
Each system at the end of its service life is considered to be deconstructed (selective
dismantlement of building components) and the resulting wastes are transferred to
proper waste treatment facilities. Finally, at the environmental impact assessment
phase the indicators derived from CML 2 baseline 2000 method (chapter 3.4.1) were
used.
8.3 Scenarios
For the evaluation of the systems several different scenarios will be carried out as
shown in the following figure (Figure 8.3).
Figure 8.3: Different scenarios assessed
Oil boiler with
radiators and
efficiency 90%
Natural gas boiler
with radiators and
efficiency 90%
Best heating
system
Radiators
Floor heating
Best system
Flat plate
collector
Evacuated tube
collector
Best system
Mono-Si PVs
Poly-Si PVs
Base case scenario: Oil boiler with
radiators and efficiency 80%
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Based on the previous analysis the building needs a heating system of 130 kW and an
A/C of 50 kW to fully cover its load. The solar collectors area needed to cover the hot
water of the whole building will be 40 m2.  Simultaneous use of solar collectors and
PVs is not possible due to the lack of appropriate roof space. In case that only PVs are
installed, they will cover 120 m2.
8.3.1 Base case scenario
The base case scenario is assumed to be the oil boiler combined with radiators and a
boiler efficiency of 80%. Since this heating system is already installed in the building,
only its operation phase is needed (Figure 8.4). The radiators are assumed to be 7 in
each apartment, in a total of 56 radiators for the whole building.
Figure 8.4: Operation phase of base case scenario
8.3.2 First scenario
So, the first possible intervention will be the replacement of the old oil boiler with a
new oil or natural gas boiler with efficiency of 90% combined with radiators (Figures
8.5, 8.6, 8.7).
Outflows of oil boiler and radiators
Impact categories
Global warming, 453110.6 kg CO2eq
Acidification, 587.66 kg SO2 eq
Eutrophication, 57.01 kg PO43- eq
Photochemical oxidation, 28.18 kg C2H4
CED
Primary energy, 7211980.8 MJ eq
- 94 -
Figure 8.5: Production and disposal of the systems
Figure 8.6: Operation of the systems
Outflows of oil boiler and radiators
Impact categories
Global warming, 9259.9 kg CO2eq
Acidification, 54.11 kg SO2 eq
Eutrophication, 6.12 kg PO43- eq
Photochemical oxidation, 3.85 kg C2H4
CED
Primary energy, 154430.9 MJ eq
Outflows of gas boiler and radiators
Impact categories
Global warming, 8422.3 kg CO2eq
Acidification, 39.94 kg SO2 eq
Eutrophication, 5.4 kg PO43- eq
Photochemical oxidation, 3.25 kg C2H4
CED
Primary energy, 134841.1 MJ eq
Outflows of oil boiler and radiators
Impact categories
Global warming, 421398.6 kg CO2eq
Acidification, 553.09 kg SO2 eq
Eutrophication, 54.43 kg PO43- eq
Photochemical oxidation, 25.81 kg C2H4
CED
Primary energy, 6809011.2 MJ eq
Outflows of gas boiler and radiators
Impact categories
Global warming, 351336.4 kg CO2eq
Acidification, 338.1 kg SO2 eq
Eutrophication, 45.42 kg PO43- eq
Photochemical oxidation, 46.09 kg C2H4
CED
Primary energy, 6653491.2 MJ eq
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Figure 8.7: Overall environmental performance
In both phases the natural gas boiler presents lower environmental impact and
primary energy compared to the new oil boiler. It is also better than the base case
scenario except the photochemical oxidation impact category. In Figure 8.8 the annual
percentage difference in each impact category by the replacement of the old boiler
with the new natural gas boiler. So, taking into account the environmental
performance of the systems during their useful lifetime, the new natural gas boiler is a
preferable improvement.
Figure 8.8: Annual percentage difference in each impact category
Outflows of oil boiler and radiators
Impact categories
Global warming, 430694.5 kg CO2eq
Acidification, 607.2 kg SO2 eq
Eutrophication, 60.55 kg PO43- eq
Photochemical oxidation, 29.66 kg C2H4
CED
Primary energy, 6963442.1 MJ eq
Outflows of gas boiler and radiators
Impact categories
Global warming, 359758.7 kg CO2eq
Acidification, 378.04 kg SO2 eq
Eutrophication, 50.82 kg PO43- eq
Photochemical oxidation, 49.34 kg C2H4
CED
Primary energy, 6788332.3 MJ eq
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8.3.3 Second scenario
In this scenario the new natural gas boiler is combined with the two available emission
systems, radiators and floor heating (Figures 8.9, 8.10, 8.11). The floor heating will
cover 120m2 in every apartment, occupying 960m2 overall.
Figure 8.9: Production and disposal of the systems
Figure 8.10: Operation of the systems
Outflows of gas boiler and floor heating
Impact categories
Global warming, 14427.8 kg CO2eq
Acidification, 43.3 kg SO2 eq
Eutrophication, 5.54 kg PO43- eq
Photochemical oxidation, 2.68 kg C2H4
CED
Primary energy, 187428.8 MJ eq
Outflows of gas boiler and floor heating
Impact categories
Global warming, 342025.9 kg CO2eq
Acidification, 333.25 kg SO2 eq
Eutrophication, 44.68 kg PO43- eq
Photochemical oxidation, 44.35 kg C2H4
CED
Primary energy, 6495552 MJ eq
Outflows of gas boiler and radiators
Impact categories
Global warming, 8422.3 kg CO2eq
Acidification, 39.94 kg SO2 eq
Eutrophication, 5.4 kg PO43- eq
Photochemical oxidation, 3.25 kg C2H4
CED
Primary energy, 134841.1 MJ eq
Outflows of gas boiler and radiators
Impact categories
Global warming, 351336.4 kg CO2eq
Acidification, 338.1 kg SO2 eq
Eutrophication, 45.42 kg PO43- eq
Photochemical oxidation, 46.09 kg C2H4
CED
Primary energy, 6653491.2 MJ eq
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Figure 8.11: Overall environmental performance of the systems
In this case, the combination of natural gas boiler and floor heating present lower
environmental impact and primary energy in the operation phase (probably due to the
better efficiency of this system) compared to the operation phase of the other
solution. In the production and disposal phases though, the natural gas boiler
combined with the radiators present lower environmental impact and primary energy.
Figure 8.12: Annual percentage difference in each impact category
This can be explained by the fact that for the production of the floor heating extra
cement construction is needed, which increases significantly the environmental impact
and the primary energy of this system. Finally, the overall environmental performance
Outflows of gas boiler and floor heating
Impact categories
Global warming, 356453.7 kg CO2eq
Acidification, 376.55 kg SO2 eq
Eutrophication, 50.22 kg PO43- eq
Photochemical oxidation, 47.03 kg C2H4
CED
Primary energy, 6682980.8 MJ eq
Outflows of gas boiler and radiators
Impact categories
Global warming, 359758.7 kg CO2eq
Acidification, 378.04 kg SO2 eq
Eutrophication, 50.82 kg PO43- eq
Photochemical oxidation, 49.34 kg C2H4
CED
Primary energy, 6788332.3 MJ eq
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indicates (marginally) as the most preferable heating system, taking into account its
environmental performance during its useful lifetime, the natural gas boiler combined
with floor heating. This combination is also environmentally better compared to the
base case scenario except photochemical oxidation impact category. In Figure 8.12 the
annual percentage difference (in operation phase) in each impact category by the
replacement of the old boiler with the new natural gas boiler combined with floor
heating.
8.3.4 Heating system and solar collectors (third scenario)
In this scenario the previous selected heating system (natural gas boiler combined with
floor heating) is combined with the two available solar collectors in order to compare
the two systems between them and with the base case scenario (Figures 8.13, 8.14,
8.15).
Figure 8.13: Production and disposal of the systems
Flat plate collector combined with natural
gas boiler and floor heating
Impact categories
Global warming, 29191.8 kg CO2eq
Acidification, 140.5 kg SO2 eq
Eutrophication, 16.74 kg PO43- eq
Photochemical oxidation, 9.08 kg C2H4
CED
Primary energy, 423831.2 MJ eq
Evacuated tube collector combined with
natural gas boiler and floor heating
Impact categories
Global warming, 28815.8 kg CO2eq
Acidification, 132.5 kg SO2 eq
Eutrophication, 16.34 kg PO43- eq
Photochemical oxidation, 8.68 kg C2H4
CED
Primary energy, 385599.8 MJ eq
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Figure 8.14: Operation of the systems
Figure 8.15: Overall environmental performance of the systems
The evacuated tube solar collector combined with natural gas boiler and floor heating
presents lower environmental impact and primary energy in all phases (production,
disposal and operation) compared to the other possible option. An important point
that could be mentioned here is that both combinations present quite lower
environmental and CED impact compared both to the base case scenario and the
second scenario.
Flat plate collector combined with natural
gas boiler and floor heating
Impact categories
Global warming, 225664.75 kg CO2eq
Acidification, 186.98 kg SO2 eq
Eutrophication, 25.73 kg PO43- eq
Photochemical oxidation, 33.41 kg C2H4
CED
Primary energy, 4138560 MJ eq
Evacuated tube collector combined with
natural gas boiler and floor heating
Impact categories
Global warming, 221680.94 kg CO2eq
Acidification, 185.41 kg SO2 eq
Eutrophication, 25.48 kg PO43- eq
Photochemical oxidation, 32.61 kg C2H4
CED
Primary energy, 4073241.6 MJ eq
Flat plate collector combined with natural
gas boiler and floor heating
Impact categories
Global warming, 254856.55 kg CO2eq
Acidification, 327.48 kg SO2 eq
Eutrophication, 42.47 kg PO43- eq
Photochemical oxidation, 42.49 kg C2H4
CED
Primary energy, 4562391.2 MJ eq
Evacuated tube collector combined with
natural gas boiler and floor heating
Impact categories
Global warming, 250496.74 kg CO2eq
Acidification, 317.91 kg SO2 eq
Eutrophication, 41.82 kg PO43- eq
Photochemical oxidation, 41.29 kg C2H4
CED
Primary energy, 4458841.4 MJ eq
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Figure 8.16: Annual percentage difference in each impact category compared to the base case
scenario
This interesting result may be explained by the reduction in the need for fossil fuels for
the production of the domestic hot water (it was produced by the boiler), which in this
case is produced by the solar collector.
Figure 8.17: Annual percentage difference in each impact category compared to the second
scenario (operation phase)
In Figures 8.16 and 8.17 are shown the annual percentage differences (in operation
phase) in each impact category by the evacuated tube solar collector combined with
natural gas boiler and floor heating intervention compared to the base case and the
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second scenario. Finally, in Figure 8.18 is shown the percentage difference (in
production and disposal phase) in each impact category by the evacuated tube solar
collector combined with natural gas boiler and floor heating intervention compared to
the second scenario.
Despite that the production and disposal of the evacuated tube solar collector
combined with natural gas boiler and floor heating presents quite higher impact
compared to the second scenario, its overall environmental impact is lower in all
impact categories.
Figure 8.18: Annual percentage difference in each impact category compared to the second
scenario (production and disposal phase)
8.3.5 Heating system and PVs (fourth scenario)
In this scenario the previous selected heating system (natural gas boiler combined with
floor heating) is combined with the two available PV systems (mono-Si and poly-Si)
mounted in flat roof in order to compare the two systems between them and with the
base case scenario (Figures 8.19, 8.20, 8.21).
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Figure 8.19: Production and disposal of the systems
Figure 8.20: Operation of the systems
Mono-Si installation combined with
natural gas boiler and floor heating
Impact categories
Global warming, 50227.8 kg CO2eq
Acidification, 221.74 kg SO2 eq
Eutrophication, 26.3 kg PO43- eq
Photochemical oxidation, 13.24 kg C2H4
CED
Primary energy, 782743.8 MJ eq
Poly-Si installation combined with natural
gas boiler and floor heating
Impact categories
Global warming, 45161.8 kg CO2eq
Acidification, 196.3 kg SO2 eq
Eutrophication, 23.54 kg PO43- eq
Photochemical oxidation, 12.16 kg C2H4
CED
Primary energy, 682407.8 MJ eq
Mono-Si installation combined with
natural gas boiler and floor heating
Impact categories
Global warming, 265587.64 kg CO2eq
Acidification, 104.68 kg SO2 eq
Eutrophication, 17.14 kg PO43- eq
Photochemical oxidation, 53.88 kg C2H4
CED
Primary energy, 4354560 MJ eq
Poly-Si installation combined with natural
gas boiler and floor heating
Impact categories
Global warming, 265587.64 kg CO2eq
Acidification, 104.68 kg SO2 eq
Eutrophication, 17.14 kg PO43- eq
Photochemical oxidation, 53.88 kg C2H4
CED
Primary energy, 4354560 MJ eq
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Figure 8.21: Overall environmental performance of the systems
The poly-Si PV system combined with natural gas boiler and floor heating presents
lower environmental impact and primary energy in production and disposal phases
compared to the other possible option (they present same results in the operation
phase).
Figure 8.22: Annual percentage difference in each impact category compared to the base case
scenario (operation phase)
An important point that could be mentioned here is that both combinations present
quite lower environmental and CED impact (except photochemical oxidation category)
compared both to the base case scenario and the second scenario, but higher impact
Mono-Si installation combined with
natural gas boiler and floor heating
Impact categories
Global warming, 315815.44 kg CO2eq
Acidification, 326.42 kg SO2 eq
Eutrophication, 43.44 kg PO43- eq
Photochemical oxidation, 67.12 kg C2H4
CED
Primary energy, 5137303.8 MJ eq
Poly-Si installation combined with natural
gas boiler and floor heating
Impact categories
Global warming, 310749.4 kg CO2eq
Acidification, 300.98 kg SO2 eq
Eutrophication, 40.68 kg PO43- eq
Photochemical oxidation, 66.04 kg C2H4
CED
Primary energy, 5036967.8 MJ eq
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compared to the third scenario (in all phases). In Figure 8.22 is shown the annual
percentage difference (in operation phase) in each impact category by poly-Si PV
installation combined with natural gas boiler and floor heating intervention compared
to the base case scenario.
Finally, in Figure 8.23 is shown the percentage difference in each impact category in
the overall environmental performance between third and fourth scenario (the base of
the comparison is the third scenario).
Figure 8.23: Percentage difference in each impact category in the overall environmental
performance between third and fourth scenario
8.3.6 Summary results
The previous results are summarized in Tables 8.2, 8.3 and 8.4 for operation,
production and disposal and the overall environmental performance phases of the
interventions respectively. In all cases the red mentioned values are the lowest
achieved by the possible scenarios in each category.
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Table 8.2: Summary results for the production and disposal of the systems
Interventions kg kg kg kg MJ eqCO2eq SO2eq PO4eq C2H4eq Primary Energy
a) Oil boiler and radiators,
efficiency 90% 9259.90 54.11 6.12 3.85 154430.90
b) Natural gas boiler and radiators 8422.30 39.94 5.40 3.25 134841.10
c) Natural gas boiler and floor
heating 14427.80 43.30 5.54 2.68 187428.80
d) Natural gas boiler, floor heating
and flat plate collector 29191.80 140.50 16.74 9.08 423831.20
e) Natural gas boiler, floor heating
and evacuated tube collector 28815.80 132.50 16.34 8.68 385599.80
f) Natural gas boiler, floor heating
and mono-Si PV system 50227.80 221.74 26.30 13.24 782743.80
g) Natural gas boiler, floor heating
and poly-Si PV system 45161.80 196.30 23.54 12.16 682407.80
Table 8.3: Summary results for the operation of the systems
Scenarios kg kg kg kg MJ eqCO2eq SO2eq PO4eq C2H4eq Primary Energy
Base case-Oil boiler and radiators,
efficiency 80% 453110.61 587.66 57.01 28.18 7211980.80
a) Oil boiler and radiators,
efficiency 90% 421398.60 553.09 54.43 25.81 6809011.20
b) Natural gas boiler and radiators 351336.43 338.10 45.42 46.09 6653491.20
c) Natural gas boiler and floor
heating 342025.89 333.25 44.68 44.35 6495552.00
d) Natural gas boiler, floor heating
and flat plate collector 225664.75 186.98 25.73 33.41 4138560.00
e) Natural gas boiler, floor heating
and evacuated tube collector 221680.94 185.41 25.48 32.61 4073241.60
f) Natural gas boiler, floor heating
and mono-Si PV system 265587.64 104.68 17.14 53.88 4354560.00
g) Natural gas boiler, floor heating
and poly-Si PV system 265587.64 104.68 17.14 53.88 4354560.00
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Table 8.4: Summary results for the overall performance of the systems
Interventions kg kg kg kg MJ eqCO2eq SO2eq PO4eq C2H4eq Primary Energy
a) Oil boiler and radiators,
efficiency 90% 430658.50 607.20 60.55 29.66 6963442.10
b) Natural gas boiler and radiators 359758.73 378.04 50.82 49.34 6788332.30
c) Natural gas boiler and floor
heating 356453.69 376.55 50.22 47.03 6682980.80
d) Natural gas boiler, floor heating
and flat plate collector 254856.55 327.48 42.47 42.49 4562391.20
e) Natural gas boiler, floor heating
and evacuated tube collector 250496.74 317.91 41.82 41.29 4458841.40
f) Natural gas boiler, floor heating
and mono-Si PV system 315815.44 326.42 43.44 67.12 5137303.80
g) Natural gas boiler, floor heating
and poly-Si PV system 310749.44 300.98 40.68 66.04 5036967.80
In Figures 8.24-8.28 the summary results from the previous tables are graphically
shown per impact category and intervention.
Figure 8.24: Summary results for the global warming impact category
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Figure 8.25: Summary results for the acidification impact category
Figure 8.26: Summary results for the eutrophication impact category
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Figure 8.27: Summary results for the photochemical oxidation impact category
Figure 8.28: Summary results for the primary energy category
In Table 8.5 the annual savings from the operation of the interventions for each
category are shown, compared to the base case scenario. The red mentioned values
show the higher achieved savings for each category.
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Table 8.5: Annual savings
Interventions kg kg kg kg MJ eqCO2eq SO2eq PO4eq C2H4eq Primary Energy
a) Oil boiler and radiators,
efficiency 90% 1585.60 1.73 0.13 0.12 20148.48
b) Natural gas boiler and radiators 5088.71 12.48 0.58 -0.90 27924.48
c) Natural gas boiler and floor
heating 5554.24 12.72 0.62 -0.81 35821.44
d) Natural gas boiler, floor heating
and flat plate collector 11372.29 20.03 1.56 -0.26 153671.04
e) Natural gas boiler, floor heating
and evacuated tube collector 11571.48 20.11 1.58 -0.22 156936.96
f) Natural gas boiler, floor heating
and mono-Si PV system 9376.15 24.15 1.99 -1.29 142871.04
g) Natural gas boiler, floor heating
and poly-Si PV system 9376.15 24.15 1.99 -1.29 142871.04
An interesting point that can be mentioned here is that in all phases not only one
possible intervention is the best option in all categories, making difficult the selection
of the appropriate system.
Table 8.6: Impact payback periods
Interventions YearsCO2eq SO2eq PO4eq C2H4eq Primary Energy
a) Oil boiler and radiators,
efficiency 90% 5.84 31.31 47.53 32.48 7.66
b) Natural gas boiler and radiators 1.66 3.20 9.32 -3.63 4.83
c) Natural gas boiler and floor
heating 2.60 3.40 8.99 -3.31 5.23
d) Natural gas boiler, floor heating
and flat plate collector 2.57 7.01 10.70 -34.70 2.76
e) Natural gas boiler, floor heating
and evacuated tube collector 2.49 6.59 10.36 -39.24 2.46
f) Natural gas boiler, floor heating
and mono-Si PV system 5.36 9.18 13.19 -10.30 5.48
g) Natural gas boiler, floor heating
and poly-Si PV system 4.82 8.13 11.81 -9.46 4.78
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Finally, in Table 8.6 are shown the years needed to cover the production and disposal
impact by the annual savings achieved in each scenario. This may be called the
“environmental impact payback period” for each scenario.  The red mentioned values
show the lowest periods achieved.
An interesting point here is that again not only one system presents the best values in
all categories. The oil boiler is by far the worst option in four categories, but in the
photochemical oxidation (C2H4 eq) impact category is the only option available with
positive payback period. So, the selection of the appropriate system relies on the
desire of the user and the impact category that is more interested in. In Figures 8.29-
8.33, the payback periods are shown for each impact category and available
intervention.
Figure 8.29: Environmental impact payback periods for global warming impact category
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Figure 8.30: Environmental impact payback periods for acidification impact category
Figure 8.31: Environmental impact payback periods for eutrophication impact category
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Figure 8.32: Environmental impact payback periods for photochemical oxidation impact
category
Figure 8.33: Environmental impact payback periods for primary energy category
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9 Conclusions
This dissertation study presented the assessment of the environmental performance of
the most representative energy systems that are used in residential buildings by
applying the life cycle analysis method. Most previous studies on this research field
were mainly focused on the environmental performance of the building’s envelope
and structural system or its energy systems as independent systems. So there was a
small gap in the evaluation of the building’s environmental performance as a whole, in
which the contribution of the energy systems may be determinant. The CML baseline
2000 LCA method and the cumulative energy demand (CED) method were applied to
the SimaPro 7 software to evaluate the systems, and the Ecoinvent database was used
for the process analysis.
The systems assessed was namely oil and natural gas boiler and their auxiliaries
(emission and distribution system), split unit room air conditioner, flat plate and
evacuated tube solar collector and their auxiliaries and finally the residential mono-Si
and poly-Si PV installations (for flat and sloped roof).
The study mainly focused on the thorough analysis of the manufacturing processes of
the systems and the analytical calculation of all required data for the overall evaluation
of their environmental performance. Thus, a quite useful, easily applicable and fully
adaptive database of the environmental performance of the energy systems was
created. This database can be applied to any integrated dynamic decision support tool
that intends to inform potential users about the overall environmental performance of
new and existing buildings and help them to decide which the appropriate energy
system to minimize this impact is.
In the initial analysis the production and disposal phases of the independent systems
were examined. The natural gas boiler, the evacuated tube solar collector and the
poly-Si PV installation were the most preferable options compared to the other
relevant competitors.
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In the case study part, in which the previous assessed systems were applied in a real
four storey building, there were created several combined scenarios either to examine
the environmental improvement of the current building or to compare the systems to
each other. The base case scenario was the installed oil boiler combined with radiators
and efficiency of 80%. Some important conclusions were arisen from this analysis. Only
the new oil boiler presented lower photochemical oxidation impact and positive
impact payback period for the same impact category compared to the base case
scenario. All examined interventions enhanced the environmental performance of the
building in the other four impact categories.
Another interesting result was the only marginal prevalence of the floor heating
compared to the radiators in their overall environmental performance. Moreover, in
all phases not only one possible intervention was the best option in all categories,
making difficult the selection of the appropriate system. The same happened and with
the annual impact savings achieved by the operation of the new systems compared to
the base case scenario.
Despite that the natural gas boiler with floor heating and evacuated tube solar
collector intervention along with the natural gas boiler with floor heating and poly-Si
PV installation intervention presented the higher annual impact savings it did not
happened the same in the impact payback periods, where the simpler solutions (e.g.
natural gas boiler with radiators) were the best choices. This can be explained by the
fact that although the more complex systems had better performance in the operation
phase (usually higher efficiency), they presented quite higher impact in the production
and disposal phase, increasing the impact payback periods. The lower impact payback
period achieved (1.66 years) was by the oil boiler combined with radiators intervention
and for the global warming impact category.
So, the selection of the appropriate system relies on the desire of the potential user
and the impact category that is more interested to improve.
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